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ABSTRACT 
 
SURVEY OF WELL WATER CONTAMINATION  
IN A RURAL SOUTHWESTERN PENNSYLVANIA COMMUNITY  
WITH UNCONVENTIONAL SHALE GAS DRILLING 
 
By 
Shyama Karen Alawattegama 
December 2013 
 
Dissertation supervised by Dr. John Stolz. 
The recent increase in unconventional shale gas extraction (USGE) using 
hydraulic fracturing and associated claims of ground water contamination has raised 
awareness of ground water issues. The Woodlands, a community that relies on well 
water, reported changes in water quality and yield concurrent with USGE activities. In an 
effort to determine the extent of the issues and if a correlation existed, residents 
participated in a survey and well water samples were collected and analyzed. Base maps 
of the study area were created identifying current horizontal wells, legacy operations 
(e.g., gas and oil wells, coal mining), and topography. Fifty-six out of the 143 
respondents indicated changes in water quality or quantity since 2010. Water analysis 
found elevated levels of chloride, iron, and manganese with 25 households above the 
limits set in the national drinking water standard for manganese. Review of available pre-
drilling and post drilling reports suggest possible causal relation.
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Chapter 1 Background 
1.1 Introduction 
The hydrologic cycle regulates the movement of water in the environment and 
influences the occurrence and flow of ground water (Clemens et. al, 2009). Just as a 
circle has no beginning or end, so does the hydrologic cycle. Powered by the sun, the 
evaporation of water from the earth’s water bodies is returned to land in the form of 
precipitation. This precipitation flows as surface runoff and feeds surface water bodies 
directly and infiltrates soils and recharges groundwater. Ground water that saturates the 
pore spaces of layers of permeable soil, such as sand, gravel, and fractured bedrock form 
aquifers. Aquifers are underground water storage formations and may be found a few 
meters below the land surface or at depths of 30 m or greater, as is the case with aquifers 
in Pennsylvania (Clemens et. al, 2009). It is these aquifers that serve as a source of water 
when tapped by wells. 
 
1.2 Pennsylvania Aquifers 
There are two basic types of aquifers, unconfined and confined. Unconfined aquifers 
do not have confining layers which consist of low permeability soil or rock surrounding 
the water bearing formation. Therefore, the elevation of the water table in an unconfined 
aquifer is able to rise and fall freely based on ground water recharge and discharge 
(USGS, 2013). These aquifers tend to be shallow, are recharged across their areal extent, 
and thus are highly susceptible to contamination from surface and near surface spills and 
releases. Confined aquifers also known as artesian aquifers are deeper and are defined as 
those aquifers in which ground water is trapped between geologic formations that have 
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low permeability compared to the aquifer (USGS, 2013). Confined aquifer systems tend 
to be recharged at areas of smaller, limited areal extent or windows where the system 
becomes near surface and unconfined.  The quality and quantity of water in an aquifer is 
dependent on recharge, storage and discharge of the aquifer. In addition factors such as 
physical properties (porosity, permeability, and aquifer composition), climate (seasonal 
variation), and hydrogeology also affects aquifer water quality and quantity. 
Aquifers in Pennsylvania are typically present in four geologic settings: sand and 
gravel, poorly cemented or fractured sandstone and shale, carbonate rock that often 
exhibits Karst features, and highly fractured crystalline rock aquifers. The most extensive 
sand and gravel aquifers are located mainly in the north and north-western parts of the 
state and originate from the advance and retreat of Pleistocene glaciation. Other localized 
areas of sand and gravel aquifers are present in Pennsylvania that are from recent fluvial 
(river) deposition. These aquifers yield large quantities of water (3000 L/min) and have 
good to excellent natural water quality (Water Resource Education Network, 1997-2011).  
As the name implies, sandstone and shale aquifers are made up of sandstones and 
shales. Most of Pennsylvania’s bedrock is made up of sandstone, shale and siltstone and 
therefore sandstone and shale aquifers are the most common type of aquifer. Layering of 
the components gives rise to different water bearing zones. Soft water (low magnesium 
and calcium) is seen in sandstone dominated aquifers with yields of 15 – 200 L/min (5 – 
60 gal/min). Hard water (high magnesium and calcium) is seen where shales are abundant 
with yields of 15 – 75 L/min (5 – 20 gal/min). Yields in these aquifers can be increased if 
a fractured zone or well developed bedding plane is intercepted (Water Resource 
Education Network, 1997-2011). Located in the valleys of the central and south eastern 
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parts of Pennsylvania, carbonate rock aquifers are made up of limestone and dolomite. 
Due to its composition rocks, these waters are very hard and contain large amounts of 
dissolved solids. These aquifers have very high yields, reaching several thousand liters 
per minute (Water Resource Education Network, 1997-2011). Crystalline rock aquifers 
are located in southeastern Pennsylvania and are made up of rocks that have very small 
fractures and thus have low storage capacities. Water is generally soft with yields of 5 – 
25 gal/min (Water Resource Education Network, 1997-2011). Figure 1.1 below shows 
the distribution of these aquifers. 
 
 
Figure 1.1 Distribution of the major types of ground water aquifers of 
Pennsylvania (Water Resource Education Network, 1997-2011) 
 
 
 
1.3 Ground Water 
Ground water serves as a major source of drinking water for many Pennsylvania  
residents and it is estimated that over 3 million Pennsylvanians rely on private wells for 
their water needs (Swistock et. al, 2009). Wells dug into aquifers enable the utilization of 
ground water.  Pennsylvania has over 1 million water wells and each year 20,000 new 
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water wells are drilled in the United States (Swistock et. al, 2009). Figure 1.2 illustrates 
the prevalence of private water wells in Pennsylvania. 
 
 
Figure 1.2 Private water wells reportedly drilled between 1963 and 1994.  
Data from the Pennsylvania Groundwater Information System.  
compiled by the Pennsylvania Geologic Survey (Clemens et. al, 2009) 
 
There are three main types of water wells, dug, driven and drilled (USEPA, 2012). Dug 
wells are some of the oldest water wells, and tend to be shallow, 3 – 10 m (10 – 30 ft) 
deep and generally one to one and a half meters (3 – 5 ft) or more in diameter. They are 
reflective of older, simpler drilling techniques using shovels and backhoes to excavate 
down to the ground water table. Dug wells tap into water that is found in shallow, less 
permeable materials that exhibit some cohesive properties, such as silty or clayey fine 
sand (USEPA, 2012 & Waller, 2012). Driven wells can attain deeper total depths than 
dug wells, generally up to 15 m (50 ft) deep, and are constructed by driving small-
diameter pipes into shallow water bearing deposits such as sand or gravel (USEPA, 2012 
& Waller, 2012). Drilled wells are the most sophisticated of the three well types requiring 
specialized machinery for their construction. Cable tool and rotary machinery are the 
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most common methods used for completing drilled wells. These wells are completed 
using percussion or rotary-drilling machines, and reach deeper ground water sources, 
penetrating 30 – 120 m (100 - 400 ft) into bedrock (USEPA, 2012 & Waller, 2012). 
Ground water is an abundant resource in Pennsylvania and provides the water  
needs of many rural communities. It is estimated that over three billion liters (billion 
gallons) of ground water are pumped from Pennsylvania aquifers each day (Clemens 
et. al, 2009). While this water is used for various activities, ranging from agricultural 
to industrial uses, more than half of it is used for domestic drinking water supplies. 
Domestic drinking water supplies can come from public and private water  
supplies. Public drinking water supplies have to maintain strict legally enforceable 
standards that are set by the federal government. Drinking water standards consist of 
Federal (U.S. EPA) primary (MCL) and secondary (SMCL) standards that are 
adopted by individual states which can then establish and enforce more stringent 
drinking water standards. U.S. EPA Primary standards are designed to protect human 
health and are enforceable limits for water contaminants that have been classified into 
six different classes, namely disinfectants, disinfection byproducts, inorganic 
chemicals, organic chemicals, radionuclides and microorganisms. Secondary drinking 
water standards (SMCL) are non-enforceable limits of certain “nuisance” 
contaminants that may cause cosmetic and aesthetic effects. These secondary 
standards are set as guidelines by the EPA and are not enforceable. Unlike publicly 
owned water supplies, private water wells in Pennsylvania are not regulated. 
Management of private well water quality is voluntary and is the sole responsibility 
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of the owner and often overlooked due to lack of awareness and non-existent 
regulation. 
Well water quality and quantity is directly related to aquifer type (confined or  
unconfined), extent, and composition. In addition, factors such as climate, surface 
cover, topography, subsurface geology, and surrounding anthropogenic activities can 
have an effect. A recent study of private water wells in Pennsylvania found that 
bedrock geology, anthropogenic activity surrounding the wells, and poor well 
construction were among the major factors that adversely affected well water quality 
(Swistock et. al, 2009). This previously referenced study’s findings also confirmed 
the negative effects of historic and current human activities on ground water quality. 
Water quality assessment conducted by the U. S. Geological Survey (USGS)  
between 1996 and 1998 also concluded similar findings of the impact of natural 
factors and human activities on ground water quality (Anderson et. al, 2000). These 
studies examined water quality in the Allegheny and Monongahela River Basins. 
These basins drain over 49,000 km2 (19,000 mi2) of Pennsylvania, West Virginia, 
New York and Maryland (Anderson et. al, 2000). Land use and human activity 
coupled with existing conditions; i.e. bedrock geology and terrain were found to 
influence ground water quality. Mining had the greatest negative influence on ground 
water quality, indicated by high concentrations of sulfate, iron, manganese and total 
dissolved solids (Anderson et. al, 2000). 
Water temperature, dissolved oxygen, alkalinity, pH, hardness, color, odor,  
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conductivity, turbidity and total dissolved solids are a few parameters used for water 
quality monitoring and assessment and can serve as a quick and easy means of 
determining water quality (USEPA 2012).  
Ground water temperature is generally similar to mean air temperature of a given  
area and is commonly measured in degrees Celsius or Fahrenheit. Temperature can 
serve as a good indicator that a well is damaged and surface water is entering the 
system. Surface water can contain chemical or biological contaminants. Thus 
temperature can serve as a preliminary indicator of water quality. Temperature 
controls the rate of both biological and chemical processes and changes in water 
temperature can drive these processes affecting the water quality. Variations from 
optimal temperature ranges can alter microbial compositions, affect aquatic 
organisms and change chemical composition such as dissolved oxygen (warmer 
waters having less dissolved oxygen). Variations in water temperature can be due to 
seasonal fluctuations related to weather, changes in ground cover and the infiltration 
of surface discharges. Temperature measurements can be made using a thermometer 
and most common environmental sampling multimeter probes are equipped with one. 
The amount of oxygen in solution is measured as dissolved oxygen. Dissolved  
oxygen (DO) is expressed in milligrams per liter (mg/L) or a percent saturation. 
Dissolved oxygen varies daily and seasonally and is dependent on temperature and 
physical conditions, with colder water and running water having higher levels than 
warmer more still water. Dissolved oxygen in ground water is approximately 10 mg/L 
(Eckhardt et. al, 2012). Dissolved oxygen readings can indicate changes to surface 
and ground water sources. For example the discharge of industrial cooling water, 
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which are warmer than the receiving surface waters can be easily detected by 
monitoring water temperature and dissolved oxygen. Likewise dissolved oxygen 
levels in ground water can affect ground water quality by influencing the dissolution 
of materials and biological processes. Decreases in DO relative to baseline values are 
often indicative of organic contaminants undergoing biogenic degradation and 
attenuation. 
Alkalinity is the measure of the capacity of water to neutralize acids and is  
determined by measuring the amount of bicarbonates, carbonates and hydroxides ions 
present in water. Alkalinity measurements indicate the natural buffering capacity of 
water and the ground water regime’s ability to resist changes in pH. Alkalinity is 
measured in milligrams per liter of calcium carbonate required to neutralize the acid 
(USEPA 2012). Median alkalinity of ground water in the Marcellus shale gas play is 
126 mg/L (Eckhardt et. al, 2012).  
pH is the hydrogen ion concentration in water and is a measure of  
how acidic or alkaline a substance is. The pH scale is a logarithmic scale, ranging 
from 0 to 14 standard units (s.u.) with neutral water having a pH of 7.0 s.u. Readings 
below 7.0 are considered acidic and pH greater than 7.0 is basic. High pH ground 
water can increase scale formation and acidic ground waters can enhance corrosion. 
In addition to affecting scale build up and corrosion, pH can also affect biological and 
chemical process and alter the solubility of materials in solution. Changes in 
solubility in turn can affect water quality creating potential toxic conditions. 
Variations in groundwater pH can occur due to natural geologic conditions. US EPA 
drinking water standards set the SMCL of pH for drinking water supplies between 6.5 
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and 8.5 (USEPA 2012). Ground water in western PA tends to be slightly acidic with a 
median of 6.7 s.u. (Eckhardt et. al, 2012). 
Hardness is a measure of the amount of calcium and magnesium in water and is  
expressed in milligrams per liter of calcium carbonate. General classification 
guidelines consider soft water to have readings between 0 – 60 mg/L, moderately 
hard water to be between 61 to 120 mg/L, hard water to be between 121 – 180 mg/L 
and very hard water having readings greater than 180 mg/L (USGS). While hardness 
in water does not pose a threat to health, hard water can increase scaling and require 
increase use of soaps and detergents as it does not have the same lathering effects as 
soft water. Typical hardness of ground water in the Marcellus shale play is 71.4 mg/L 
(Eckhardt et. al, 2012). 
Water conductivity readings measure the ability of water to conduct electricity.  
This is directly related to the amount of dissolved ions in water. Conductivity is also 
temperature dependent with warmer waters having greater conductivity compared to 
cold waters. Therefore conductivity measurements are reported at 25 degrees Celsius 
in micromhos per centimeter (µmhos/cm) or microsiemens per centimeter (µS/cm) 
(USEPA 2012). Conductivity measurements can be affected by geology, with areas of 
granite bedrock having lower conductivity due to lowered dissolution of ions from the 
formations and silt and clay rich formations having higher conductivity readings. 
Conductivity readings can indicate water quality, with distilled water having 
conductivity readings in the range of 0.5 – 3 µmhos/cm, surface water sources in the 
range of 50 – 1500 µmhos/cm and certain industrial waters having readings upwards 
of 10,000 µmhos/cm (Haluszczak et. al, 2013). Elevated conductivity values in 
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residential well water often indicate the presence of contamination from septic 
systems, agricultural activities, acid mine drainage (AMD), and/or a damaged or 
poorly constructed water well that is allowing surface water to enter the ground water 
regime. Ground water conductance in the Marcellus shale play is about 347 µS/cm 
(Eckhardt et. al, 2012). Since conductivity is related to the amount of dissolve matter, 
conductivity readings can also indicate a measure of the total dissolved solids in 
water. Conductivity readings in µmhos/cm can be converted to estimate total 
dissolved solids in water. While the conversion factor varies with different anions, 
multiplying conductivity measurements by 0.65 is a commonly used conversion 
factor (Conductivity/TDS).   
Total dissolved solids (TDS) is the amount of dissolved (ions) and suspended  
(particles and microorganisms) solids present in water. TDS is measured in units of 
mg/L, elevated levels can affect the color, taste and smell of water. Elevated TDS 
values can indicate the issues as those previously discussed with elevated 
conductivity values (USEPA 2012). 
Turbidity is a measure of water clarity and indicates how much material is  
suspended in water also referred to as total suspended solids (TSS). Increased 
turbidity can raise water temperature and subsequently affect many other parameters 
such as dissolved oxygen and alter water quality. While turbidity affects the aesthetic 
aspects of water; i.e. smell color and taste, it could indicate issues such as erosion and 
excessive algal growth (USEPA 2012). Elevated TDS can assist in the migration of 
chemical (including radionuclides) and microbial contaminants in groundwater by the 
suspended particles serving as carriers.   
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Volatile organic compounds (VOCs) are contaminants with low boiling points  
and high vapor pressures. VOCs may occur naturally, however most often the 
presence of VOCs in ground water indicates environmental contamination from 
anthropogenic sources. These compounds are of concern in ground water due its 
persistence, ability to migrate and their toxicity. Some common VOCs include 
methane, and propane, which can occur naturally in groundwater and can also be 
indicators of anthropogenic activity, and components of gasoline, such as methyl 
tertiary butyl ether (MTBE) and benzene, toluene, ethylbenzene, and xylenes 
(BTEX).  
While comprehensive ground water studies are costly and time consuming,  
analysis of some of the above mentioned water quality parameters along with 
supporting information such as surrounding activities, geology and landforms can 
provide information enabling the identification of potential sources and causes of 
ground water issues. 
 
1.4 Geology of Pennsylvania 
Pennsylvania has a long history of mining and oil and gas activity that relates to its 
geology. Divided into six physiographic provinces, illustrated in Figure 1.3, the majority 
of the state lies in the Appalachian Plateau province. This province covers 26,000 mi2 and 
includes all or parts of 41 of the 67 counties in Pennsylvania (Schultz, 1999). The 
Appalachian Plateau is subdivided into ten sections based on unique geomorphic features. 
The Pittsburgh Low Plateau is one of the sections and is the section in which the study 
area is located. The dominant topographic form in this section is characterized by smooth 
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rolling upland surfaces that are cut by narrow, shallow valleys of low to moderate relief, 
with elevations ranging from 200 to 500 m (660 - 1700 ft) (PADCNR, 2013 & Shultz, 
1999). Bedrock geology consists of folded deposits of sedimentary rocks such as shale, 
siltstone, sandstone, limestone and coal. 
The sedimentary rocks that make up the bedrock of the Pittsburgh Low Plateau  
contain abundant organic matter – carbon and hydrogen, deposited millions of years ago, 
and are the source rocks for petroleum and thick, repetitive beds of coal. Hence it is no 
surprise that Pennsylvania has an extensive industrial history based on extraction and 
utilization of these rich deposits of coal, oil and gas. 
Extraction of these deposits has taken place for decades. The drilling of the 
Drake well in 1859 brought about Pennsylvania’s great oil rush. Coal became 
dominant energy source and within a century and half, was surpassed by oil (Waples, 
2005). Oil gained dominance and as United States became more industrialized and its 
population grew, so did the demand for oil. As US oil fields were depleted, 
dependence on foreign supplies increased. While the foreign sources supplied the US 
energy demands, the cost and unreliability of these depleting supplies prompted the 
US to look for other sources. This need for energy independence in part led to the 
discovery of natural gas. As a result, the PA DEP estimates that over 300,000 oil and 
gas wells have been drilled in the state. 
With the great oil rush came the accidental discovery of the existence of natural  
gas beneath Pennsylvania (Waples, 2005). Although the first natural gas well was dug 
almost four decades before Drake’s well, in 1821 in Fredonia, New York, the coal 
and oil boom kept it in the shadow (Waples, 2005). For nearly a century after its 
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discovery, natural gas had limited use concentrated to localized areas where it was 
being extracted. It wasn’t until the 1900s that new uses for natural gas were realized,   
14 
 
 
Figure 1.3 Physiographic Provinces of Pennsylvania (Pennsylvania Department of Conservation and Natural Resources, 2013) 
 
 
1
4
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resulting from the building of pipeline infrastructure for the transport of the gas 
(Waples, 2005 & Natural Gas and Technology, 2004-2011). Increasing demand for 
natural gas due to the reliability of the source, its higher energy content, and cleaner 
burning than coal, depleted shallow, easily accessible reserves (Kargo et. al, 2010). 
The advent of advances in drilling technology enabled the tapping of deeper reserves 
of natural gas in low permeability black shale formations, commonly known as 
unconventional shale gas. 
1.5 Unconventional Shale Gas 
The International Energy Agency (IEA) defines unconventional gas as the gas 
trapped in deep impermeable rock formations (International Energy Agency, 2013). 
Shale gas is a form of unconventional gas that is found in black shale deposits that 
contain high total organic carbon concentrations. These black shale deposits are often 
referred to as the source rocks for hydrocarbons trapped at shallow depths. The 
Marcellus Formation (Marcellus shale) is one such black shale sedimentary formation 
and is the most expansive shale play in the US (Kargo et. al, 2010; Vidic et. al, 2013). 
Figure 1.4 below illustrates the major black shale basins in the United States. The 
extent of the Marcellus shale covers 246,048.87 km² (95,000 mi2), and is present 
beneath northern, central, and western Pennsylvania, most of West Virginia, and 
southern parts of New York, eastern Ohio and western Maryland (Kargo et. al, 2010; 
Vidic et. al, 2013). Consisting of black organic rich shale of middle Devonian age 
(416 - 359.2 million years), the Marcellus Formation contains trapped natural gas 
formed by the anaerobic degradation of the organic matter under the influence of 
increased temperatures and pressures (Kargo et. al, 2010). It is estimated that there is 
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13,846.94 billion cubic meters (489 trillion cubic feet (Tcf)) of recoverable natural 
gas in the Marcellus formation (Kargo et. al, 2010; Vidic et. al, 2013; Engelder, 
2009). 
Lying up to 1.5 km (1 mile) below the surface, the existence of the Marcellus  
formation and its gas reserves have been known for decades (Carter et. al, 2011). 
However until recently, the extraction of this resource was challenging and 
unprofitable using conventional vertical drilling methods. Advances in drilling 
techniques such as horizontal drilling and hydraulic fracturing, favorable domestic 
energy policies, the high price of oil and gas, the reliable supply of North American 
natural gas, higher energy content of natural gas, presence of infrastructure and 
cleaner burning than coal are among the many reasons for the increase in shale gas 
extraction (Kargo et. al, 2010; Peduzzi et. al). 
Natural gas in the Marcellus Formation is trapped within the many pores of this  
layered formation. Although this rock is porous, the pores are not interconnected and 
have very low permeability (10-2 – 10-5 mdarcies, 1 darcy = 9.87x10-13 m2) values 
(Kargo et. al, 2010). A darcy is the measure of fluid permeability commonly used in 
hydrocarbon exploration and production. A permeability of 1 darcy allows the flow of 
1 cubic centimeter of fluid that has a 1 centipoise viscosity under 1 atmosphere of 
pressure traveling for 1 second through 1 cubic centimeter porous material. A 
millidarcy (mD) is equal to 0.001 darcy and a microdarcy (µD) equals 0.000001 
darcy.  Permeability values range as high as 100,000 darcys for gravel, to less than 
0.01 microdarcy for granite, with sand having a permeability of approximately 1 
darcy. Advances in horizontal drilling techniques and the use of multi-stage hydraulic 
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fracturing have enabled the extraction of the trapped gas by altering the permeability 
of these formations. 
Figure 1.5 below illustrates the extraction of unconventional shale gas using  
hydraulic fracturing. Hydraulic fracturing is a multi-stage process beginning with the 
drilling of a vertical bore hole that is deviated horizontally to penetrate the 
hydrocarbon rich formation. This horizontal deviation not only allows for the greater 
penetration of the pores of the formation, but also enables the propagation of 
multidirectional laterals from one well pad thereby maximizing yields (Kargo et. al, 
2010 & Penn State Cooperative Extension, 2012). In the Marcellus shale region 
typically 2-8 gas production wells (laterals) extend underground in various directions 
per well pad (Penn State Cooperative Extension, 2012). Once the vertical bore is 
drilled and cased the laterals are perforated in preparation for hydraulic fracturing or 
“fracking”. The latter creates fractures in the formation, releasing the trapped gas. 
Extending an average of 1000 – 3000 m (1-2 mi), these laterals are generally fracked 
in approximately 90 m (300 ft) intervals by injecting large quantities of water and 
chemicals under high pressure (Kargo et. al, 2010; Peduzzi et. al). This water contains 
numerous chemicals including biocides, lubricants, and corrosion inhibitors that aid 
the drilling process, and proppants that hold open the fractures created during the 
perforation stage, aiding the passage of gas up the well bore for extraction (Soeder 
and Kappel, 2009). Each fracking or stimulation requires between 7000 – 37000 m3 
(2 – 10 million gallons) of water depending on the depth and type of formations 
penetrated (Kargo et. al, 2010; Soeder and Kappel, 2009). 
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Figure 1.4 Major shale basins of United States (United States Energy Information Administration, 2011)
1
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Figure 1.5 Unconventional shale gas extraction (ProPublica, 2013) 
1
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1.6 Water Use – Issues and Routes of Contamination 
The large volumes of water required for hydraulic fracturing and the rise in  
drilling activity has undoubtedly raised concerns about the supply and integrity of 
water resources in general and ground water in particular. Each lateral requires in 
excess of 9000 m3 (2.5 million gallons) of water .The industry depends on both 
surface water sources and public water suppliers for its water needs. Current 
estimates indicate that approximately two-thirds of the freshwater used in hydraulic 
fracturing comes from permitted surface water sources and another 30% is purchased 
from public water suppliers (Penn State Cooperative Extension, 2012). These same 
sources either directly or indirectly are the source for private and public drinking 
water supplies. Thus the impacts of hydraulic fracturing on ground water resources, 
especially on private wells and public drinking water supplies have come into 
question. 
While multiple layers of casing are installed on the vertical portion of a Marcellus  
well bore in order to protect groundwater sources and maintain drilling pressures 
(Figure 1.6), incidences of groundwater contamination have been reported. Although 
well pad construction and drilling activity is regulated and inspected, accidents and 
errors occur. Drilling activity can result in contaminated aquifers via surface and 
subsurface releases and spills. Examples of spills and releases include leaky surface 
impoundment ponds, accidental spills of fluids, mismanagement of drilling fluids and 
cuttings, inadequate storm water management, and poor wastewater management 
practices with regards to the storage, treatment and disposal of flowback and 
produced waters (Harrison, 1983, Tiemann et. al, 2013). Although currently not 
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applicable in Pennsylvania, land application of brines for ice and dust control is 
another surface contamination route (Harrison, 1983, Hopey, 2013). These types of 
spills and releases have the greatest impact on unconfined aquifers and surface water 
bodies.  
Subsurface contamination is more complex, and is generally related to poor well  
construction materials and faulty drilling practices.  Examples include compromised 
well plugs, poor cement placement, improper cement weight, faulty well annuli and 
gas reservoir pressure, but also by hydrogeologic parameters such as permeability, 
presence of fracture zones and ground water flow systems (Harrison, 1983). 
Although limited, studies show that most contamination incidents are related  
to failures in well bore casing, cementing and well operations (Tiemann, et. al, 2013). 
Studies also show that fracturing of wells can generate new fractures or extend 
existing fractures creating pathways for the upward travel of contaminants from the 
producing zone to the aquifer (Harrison, 1983 & Tiemann, et. al, 2013 & Osborn et. 
al, 2011 & Warner et. al, 2012 & Myers, 2012). 
22 
 
 
Figure 1.6 Cross-Section of a Marcellus well showing multiple layers of 
protective casing (Marcellus Center for Outreach and Research, 2010) 
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Chapter 2 Specific Aims and Hypotheses 
Ground water supplies many rural communities in Pennsylvania, which is second  
only to Michigan in the number of residents that rely on ground water (Swistock et. 
al, 2009). Unlike public water supplies, Pennsylvania does not regulate residential 
ground water use (Swistock et. al, 2009). The rise in unconventional shale gas 
extraction using hydraulic fracturing and the limited but increasing claims of 
groundwater contamination associated with this practice has raised concerns about 
ground water quality. Studies have shown that freshwater aquifers can be 
contaminated by brines or hydrocarbons from underlying formations, various 
chemicals used in the drilling process, and/or the natural gas itself (Osborn et. al, 
2011; Warner et. al, 2012; Harrison, 1983 and 1985). Well construction issues 
involving casing and cementing failures of the gas wells account for most 
contamination incidence (Osborn et. al, 2011). Well construction issues can result in 
the creation of vertical migration pathways for liquids to migrate from the surface 
downward or from deep formations under extreme pressure upwards.  In addition, 
hydraulic fracturing can increase the permeability of the targeted deep formations by 
creating new fractures or propagating existing fractures thereby creating flow 
pathways for the upward migration of gases and fluids (Warner et. al, 2012; Harrison 
1985). 
However, establishing a definitive link between hydraulic fracturing and ground  
water contamination has been challenging. The Energy Policy Act of 2005, Section 
322 Hydraulic Fracturing amends the Safe Drinking Water Act to exclude “(i) the 
underground injection of natural gas for purposes of storage and (ii) the underground 
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injection of fluids or propping agents (other than diesel fuels) pursuant to hydraulic 
fracturing operations related to oil, gas, or geothermal production activities”.  
Additionally, the large distances (hundreds of meters) separating the deep gas rich 
formations and the shallower ground water sources, the multitude of surface and 
subsurface contaminant sources and the lack of comprehensive scientific baseline 
study data are all factors that contribute to the challenge (Manuel, 2010; Hines, 2012; 
Vidic et. al, 2013). The main objective of this study was to determine if recent 
changes in well water (quality and quantity) was the result of unconventional shale 
gas extraction activities. The larger question was whether unconventional shale gas 
extraction poses a threat to ground water sources. 
Groundwater quality in Pennsylvania varies depending on its location  
and surrounding activities. Many of Pennsylvania’s water sources have been 
degraded over time from a range of sources, such as urban development, coal mining, 
conventional historic oil and gas exploration, and industrial and agricultural activities. 
Coal mining has had the greatest impact on ground water quality, with coal mining 
dating back to 200 years in the region (Anderson et. al, 2000). According to the PA 
DEP over 350,000 oil and gas wells have been drilled in Pennsylvania since Edwin 
Drake drilled the first well in 1859. Thousands of these wells were abandoned 
without proper plugging and the location of about 100,000 of these wells are still 
unknown (PA DEP, 2011). Water wells located down gradient of nearby reclaimed 
surface mines were found to have higher concentrations of sulfate, iron, and 
manganese compared to groundwater in unmined areas of the Appalachian coal fields 
(Anderson et. al, 2000). In addition, groundwater near reclaimed surface mines also 
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showed slightly higher concentrations of gasoline-related compounds, such as 
benzene, methylbenzene, and ethyl benzene (Anderson et. al, 2000). Coalmine 
drainage can be acidic or alkaline and can adversely impact both surface and 
groundwater supplies. Sulfate yields were found to be five times higher in stream 
basins with history of mining; high levels of sulfur affect the taste, odor, and 
appearance of the water (Anderson et. al, 2000). 
To accomplish the main objective, two hypotheses and three specific aims were  
proposed. The two main hypotheses were: 1. Changes in well water quality and 
quantity in the Woodlands, Butler County, can be correlated with the recent 
unconventional shale gas extraction activities. 2. Unconventional shale gas extraction 
poses a threat to ground water sources. To address the two hypotheses, three specific 
aims were proposed. The first specific aim was to identify a suitable study area. This 
study area could then be used to gather water quality and quantity data. A suitable 
study area would consist of a representative population living in a community, relying 
solely on ground water as their source of water, surrounded by unconventional shale 
gas extraction. Data gathered can be used to determine the existence or occurrence of 
ground water contamination issues related to unconventional shale gas extraction. 
The Woodlands was identified as a suitable study sight. Located in Evans  
City, Connoquenessing Township, Butler County (Figure 2.1), the Woodlands is a 
rural community 48 km (30 mi) north of Pittsburgh. As of the 2010 census, 
Connoquenessing Township has a total population of 4170 (US Census, 2010). 
Median age was 44.8 years with 89.5% of the population having high school diploma 
or higher. The median household income is $49,395 (US Census, 2010). According to 
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the residents of the Woodlands, the community was originally established in 1963 as 
quarter acre lots used as seasonal camps. Over the years, people have converted these 
seasonal camps to single family houses. Being a predominant farming community, 
USGE is a recent industrial activity within close proximity to the Woodlands. Review 
of Pennsylvania Department of Environmental Protection (PADEP) Marcellus shale 
well permitting and spud data for Connoquenessing Township showed that permits 
were issued in late 2006 and drilling for natural gas began in 2007. Most recent data 
from the DEP website indicate that from 2006 – 2011, 20 well permits were issued in 
Connoquenessing Township, with 21 advancing to spuds (PADEP, 2013). Spud is the 
term used by oil and gas drillers once drilling has commenced on a permitted well 
(Flaherty, et. al, 2002). At the same time, since 2011, several residents of the 
Woodlands reported changes in appearance and/or taste of their drinking water, along 
with changes to water quantity and illnesses (Associated Press, 2012). All of the 
residents of the Woodlands rely on private wells for their water supply. 
The second specific aim was to develop a questionnaire or survey in order to  
evaluate the extent of the problem. It consisted of six questions on general water well 
construction, quality and quantity. A door-to-door survey was conducted in the fall of 
2011. Survey results were analyzed and water samples were collected from select 
households. Water samples were provided to Duquesne University and University of 
Pittsburgh for chemical analysis. 
The third specific aim was to create geographical information system (GIS)  
database of the study area incorporating our findings, (survey data and water 
sampling results), geology, topography, legacy mining, coal and oil gas extraction 
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activities in relation to ongoing unconventional shale gas extraction activity. The GIS 
database would be used to assess whether the new unconventional shale gas drilling 
contribute to water contamination.
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Figure 2.1 Connoquenessing Township, Butler County, Pennsylvania
2
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Chapter 3 Materials / Methods 
The study design consisted of four stages, 1. Community Survey, 2. Sample  
Acquisition, 3. Water Analysis and 4. Data Mapping and File Review 
 
3.1 Community Survey 
Beginning in 2011 several residents of the Woodlands noticed changes to their  
drinking water (Associated Press, 2012). All of the residents of the Woodlands rely 
on private wells for their water supply. In an effort to determine the extent of the 
problem, a door-to-door survey was conducted in the fall of 2011 in accordance with 
Institutional Review Board (IRB) regulations. Per the IRB protocol, participants 
signed a consent form (Appendix A) which described the details of the study and the 
responsibilities of the researchers as well as the participants. The survey questionnaire 
consisted of six questions listed below:  
1. Do you have well water and where is your well located? 
2. What kind of well is it (e.g. artesian, rotary, cable tool)? 
3. Do you know how deep the well is and have you noticed a change in your 
well depth? 
4. Have you noticed any change in water quality (taste, smell, color) and if 
so when? 
5. Have you noticed any change in the water flow or quantity? 
6. Have you had the water tested and would you be willing to share those 
results? 
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3.2 Sample Acquisition 
Water samples were collected in sterile 1 liter French square glass bottles. Where  
accessible, water samples were collected directly from the well head. Where direct 
well access was not available, samples were collected prior to any filtration devices, 
treatment systems and/or holding tanks. In order to ensure the acquisition of a 
representative sample, all samples were collected after purging the lines for 10 - 15 
minutes. Purge times were reduced out of necessity to between 2 - 5 minutes for those 
households that had water quantity issues, whereby purging the system for the 
standard 10 – 15 minutes would have exhausted the water supply. Collected samples 
were stored in the dark and on ice and transported back to the lab and stored at 4°C 
until analysis. 
 
3.3 Water Analysis 
Chemical analysis of water samples included on-site water quality parameter  
measurements using a YSI multimeter, and laboratory anion and cation analysis using 
ion chromatography. 
 
3.3.1 YSI Multimeter 
Field chemical analysis of water samples were completed using the YSI-Pro Plus  
multimeter (YSI Incorporated, Yellow Springs, OH). The YSI multimeter measures 
temperature (°C), dissolved oxygen (% and mg/L), pH, chloride (mg/L), atmospheric 
pressure (mmHg), specific conductance (µS/cm) and conductance (µS/cm). Prior to 
each sampling event, the YSI multimeter was calibrated using standards reagents to 
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ensure accuracy of field measurements. Temperature and pressure sensors were 
factory calibrated. Dissolved oxygen was calibrated per the specifications set in the 
instrument user manual and did not require the use of standard reagents. A three point 
(4.0, 7.0 and 10.0) pH calibration was done using standard Fisher Scientific (Fisher 
Chemicals, Fair Lawn, NJ) pH buffer solutions. Chloride was calibrated using 1000 
mg/L Fluka Analytical stock standard solutions. Chloride was calibrated at 100.00 
mg/L and 10.00 mg/L. Specific conductance was calibrated using 1000 µS/cm stock 
conductivity solution manufactured by YSI Incorporated, (Yellow Springs, OH).  
These initial on-site measurements provided a preliminary indication of the water 
quality. 
 
3.3.2 Anion Analysis – Ion Chromatography 
Samples were analyzed for seven anions: chloride, bromide, fluoride,  
sulfate, phosphate, nitrate and nitrite using the Dionex ICS-1100 Ion Chromatography 
System (Dionex, Sunyvale, CA, USA) equipped with a conductivity cell and UV/VIS 
detector. Samples were delivered to the Dionex ICS-1100 for processing using a 
Thermo Scientific Dionex AS-DV auto sampler. Instrument control, data collection 
and processing were carried out using the Thermo Scientific Dionex Chromeleon 7 
Chromatography Data System. Anion separation was achieved using an IonPac 
AS22A Carbonate Eluent Anion-Exchange Column, 2 x 250, 6.5 μm particle 
diameter with an IonPac AG22 Guard Column (2 x 50mm) coupled with an anion 
self-regenerating ASRS-300 suppressor. 
Prior to anion analysis, samples were prepared by filtering through a 0.2 µm PES  
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filter (VWR, Bridgeport, NJ) and a Dionex OnGuard II M filter (Dionex, Sunyvale, 
CA, USA) for removal of suspended solids, iron and other transitional metals. Those 
samples that exceeded the conductance range for the instrument (>1500 µS/cm) were 
diluted prior to analysis. Approximately 5 mL of sample were poured into Dionex 
polyvials (Dionex, Sunyvale, CA, USA) for final. 
AS14A Eluent Concentrate (100X) available through Fluka Analytical was  
diluted using deionized water to prepare the eluent solution. Standard solutions were 
prepared by diluting Fluka Analytical stock standard solutions using deionized water. 
Five-point calibration curves of the standards for, chloride, bromide fluoride, sulfate, 
phosphate, nitrate and nitrite were used to determine the concentration of the analytes. 
 
3.3.3 Elemental Analysis – Ion Chromatography 
Analysis for 34 elements was performed using a Perkin-Elmer NexION 300x  
(Waltham, MA, USA) IC-ICP-MS system in Dr. Daniel J. Bain’s laboratory at the  
University of Pittsburgh. Prior to analysis samples were filtered through a 0.2 µm 
PES filter (VWR, Bridgeport, NJ) and diluted using 2% nitric acid. To ensure 
consistency, beryllium, germanium and titanium internal standards were added to the 
samples. Prior to analysis, five-point calibration standards and blanks containing 
internal standards manufactured by CPI International were run at the beginning and 
end of all samples. To ensure that the instrument was functioning properly, every 
seventh sample was run as a duplicate.  
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3.4 Data Mapping and File Review 
Using ArcMap10 (ESRI®ArcMap™ 10.0) base maps of the study area were  
created identifying current USGE wells, legacy operations such as gas and oil wells 
and coal mining and topography.  Data used in the creation of maps for this study was 
acquired through surveys, sample acquisition, publicly available data warehouse and 
databases and file reviews. Table 3.4.1 below lists the type and source of data used 
for this study. Mapping data consisted of imagery and road line files that served as 
base maps. Overlaid on the base maps were the surveyed households, together with 
surrounding legacy oil and gas activities, coal mining activities, abandoned mines and 
mine lands, elevation and unconventional shale gas wells. 
Where available, pre-drill and post-drill water analyses, done either by the drilling  
company and/or PA DEP, were reviewed (Table 4.3.1 and 4.3.2). In addition a review 
of USGE well location and completion reports filed with the PA DEP was also 
performed (Table 4.3.3). These records were obtained through the Pennsylvania 
Department of Conservation and Natural Resources (PA DCNR). 
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Table 3.4.1 GIS data sources 
Data Layer Source 
Base maps Pennsylvania Spatial Data Access (PASDA) The Pennsylvania Geospatial Data 
Clearinghouse 
 http://www.pasda.psu.edu/ 
Digital 
Elevation Data 
(LiDAR) 
Pennsylvania Spatial Data Access (PASDA) The Pennsylvania Geospatial Data 
Clearinghouse 
 http://www.pasda.psu.edu/ 
Evans City 
Topographic 
Map 
Pennsylvania Spatial Data Access (PASDA) The Pennsylvania Geospatial Data 
Clearinghouse 
 http://www.pasda.psu.edu/ 
County Shape 
Files 
US Department of Commerce US Census Bureau  
2012 TIGER/Line® Shapefiles 
http://www.census.gov/geo/www/tiger/tgrshp2012/tgrshp2012.html 
Pennsylvania 
State Roads 
US Department of Commerce 
US Census Bureau  
2012 TIGER/Line® Shapefiles 
http://www.census.gov/geo/www/tiger/tgrshp2012/tgrshp2012.html 
Coal Mining 
Operations 
Pennsylvania Spatial Data Access (PASDA) The Pennsylvania Geospatial Data 
Clearinghouse  http://www.pasda.psu.edu/ 
Abandoned 
Mine Lands 
Pennsylvania Spatial Data Access (PASDA) 
The Pennsylvania Geospatial Data Clearinghouse 
 http://www.pasda.psu.edu/ 
Abandoned / 
Orphaned Wells 
Pennsylvania Department of Environmental Protection 
Office of Oil and Gas Management 
http://www.portal.state.pa.us/portal/server.pt/community/oil_and_gas_reports/20297 
Marcellus Wells Pennsylvania Department of Environmental Protection 
Office of Oil and Gas Management 
http://www.portal.state.pa.us/portal/server.pt/community/oil_and_gas_reports/20297 
Oil and Gas 
Fields 
Pennsylvania Department of Conservation and Natural resources 
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Chapter 4 Results 
 
4.1 Community Survey Results 
Initial survey data was collected on October 22, 2011 by going door-to-door.  
Subsequent survey data was collected between August 2011 through December 2012 
when additional households were added as part of the ongoing study. Properties were 
sorted alpha-numerically by address. Reported issues included quality, quantity, 
and/or both. Where available, quality data was further sorted into those household 
that had taste, smell and color issues. Appendix C summarizes the survey results. 
A total of 143 households completed the survey. All households (100%) had a  
well and were reliant on well water for their water needs. The majority of survey 
respondents (61%) did not know the type of well construction. Drilled wells were the 
most common well type, with 27% of the surveyed households having cable tool 
wells and 12% having rotary wells. The average and median well depth was 63.70 m 
(209 ft) and 54.25 m (178 ft) respectively, with the shallowest well at a depth of 
19.81 m (65 ft) and the deepest well at 274.32 m (900 ft). Of the 143 households 
surveyed, 56 households (39%) reported having quality and/or quantity issues, 63 
households (44%) reported no issues and the remaining 24 households (17%) were 
unsure. Of the 56 households reporting an issue with their well water, 50 households 
(89%) had quality issues, 23 households (41%) had quantity issues and 18 households 
(32%) reported both a quality and quantity issues with their well water supply. 
Furthermore, of the 56 households that reported water quality issues, color was the 
most dominant issue, with 27 households (48%) reporting changes in their water 
color. Smell and taste issues were also reported by 25 households (45%) and 6 
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households (11%) respectively. Changes to well depth was not readily known by the 
survey respondents, with 78 of the households (55%) indicating that they did not 
know if their well depth changed. However, 6 households (4%) stated a change in 
their well depth as indicated by loss of water during normal use. With regards to 
water testing, 95 households (66%) indicated that they had their water tested at some 
point in time. Of the 95 households, 42 households (29%) had their water tested by 
the gas drilling company as part of predrill testing. While most households had 
received their test results back and indicated that they would share these results, 9 
households (21%) that had predrill testing performed indicated that they never got 
their results back. Figures 4.1.1 and 4.1.2 illustrates the survey results.  
 
 
Figure 4.1.1 Survey results showing percentage of households that reported 
quality and/or quantity issue with their well water supply 
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Figure 4.1.2 Survey results showing number of households reporting issues 
 
4.2 Water Analyses Results 
A total of 57 water samples from 33 individual households were analyzed  
between August 2011 and December 2012. Sixteen households reported issues with 
their well water, 6 households reported no issues and 11 households were unsure of 
issues. Field water chemistry data of temperature, pH, dissolved oxygen, specific 
conductivity and chloride were obtained by direct reading using the YSI-Pro Plus 
meter. Water samples were also analyzed for major anions and select elements using 
ion chromatography and ICP-MS respectively. YSI-Pro Plus readings are summarized 
in Appendix D.  Table 4.2.1 and 4.2.2 summarizes laboratory water analyses results. 
Anion analysis of the 57 water samples showed detectable levels of all analytes  
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except nitrite. Table 4.2.1 below summarizes the anion analysis showing the 
percentage of samples that had the respective anions and its highest and lowest 
concentrations. 
Table 4.2.1 Summary of anion analysis of water samples 
Anion Presence 
(households 
%) 
Highest 
Conc. (ppm) 
Lowest 
Conc. (ppm) 
Method 
Detection 
Limits (ppb) 
Chloride 100 222.69 0.8 0.0033 
Bromide 41 1.39 0.05 0.0084 
Fluoride 71 5.28 0.03 0.0064 
Sulfate 98 134.82 5.34 0.0068 
Phosphate 30 10.76 0.15 0.0169 
Nitrate 88 26.81 0.05 0.0073 
Nitrite 0 - - 0.0054 
 
For the seven anions analyzed, three analytes, fluoride, chloride and sulfate have  
concentration limits set by the primary (fluoride) and secondary (chloride, sulfate) 
drinking water standards. Of these three analytes, only fluoride exceeded the set 
maximum contaminant limit (MCL) of 4.0 mg/L, with 4 of the 57 samples exceeding 
the MCL. 
ICP-MS analysis was carried out for 34 elements consisting of a combination of  
major ions, minor ions (trace metals), inorganic chemicals and radionuclides 
(rubidium, strontium and uranium). Table 4.2.2 summarizes results of the elemental 
analysis. Analysis indicated that iron, manganese and mercury showed elevated levels 
compared to primary (mercury) and secondary (iron and manganese) drinking water 
standards set by the EPA. Two households exceeded the SMCL for iron (0.3 mg/L), 
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25 households exceeded the SMCL for manganese (0.05 mg/l) and 2 households 
exceeded the MCL for mercury 0(0.002 mg/L). 
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    Table 4.2.2 Summary of elemental analysis of water samples 
Constituent  Drinking 
Water 
Standard 
(MCL 
and 
*SMLC 
mg/L 
No. of 
Samples 
Exceeding 
MCL or 
SMCL 
(n = 57) 
Min.  
(mg/L) 
Med. 
(mg/L) 
Max. 
(mg/L) 
Method 
Detection 
Limits 
(ppb) 
Aluminum (Al) 0.05 - 
0.2* 
0 0.007 0.01 0.13 2.571 
Antimony (Sb) 0.006 0 <0.001 <0.001 0.002 0.024 
Arsenic (As) 0.01 0 <0.001 0.002 0.009 0.239 
Barium (Ba) 2 0 0.02 0.08 0.42 0.521 
Bismuth (Bi)   0 0 0 - 
Boron (B)   0.001 0.02 0.149 2.533 
Cadmium (Cd) 0.005 0 0 0 0 0.021 
Cesium (Cs)   0 0 0 - 
Calcium (Ca)   2.1 36.1 126.24 2.464 
Chromium (Cr) 0.1 0 <0.001 0.003 0.038 0.097 
Cobalt (Co)   <0.001 0.001 0.008 0.133 
Copper (Cu) 1.3 0 <0.001 0.012 0.339 2.272 
Iron (Fe) 0.3* 2 0.04 0.135 0.415 1.509 
Lead (Pb) 0.015 0 <0.001 0.005 0.014 0.028 
Lithium (Li)   0.001 0.007 0.021 0.088 
Magnesium 
Mg) 
  0.3 6.562 20.983 3.504 
Manganese 
(Mn) 
0.05* 25 0.002 0.067 2.627 0.897 
Mercury (Hg) 0.002 2 <0.001 0.002 0.003 0.066 
4
0
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Molybdenum 
(Mo) 
 
 
<0.001 <0.001 0.003 0.096 
Nickel (Ni)   0.001 0.003 0.019 0.140 
Phosphorus (P)   0.001 0.027 0.318 2.098 
Potassium (K)   0.041 0.81 2.67 2.051 
Rubidium (Rb)   <0.001 0.001 0.003 0.002 
Selenium (Se) 0.05 0 <0.001 0.002 0.013 0.566 
Silicon (Si)   0.4 8.84 14.7 29.5 
Silver (Ag) 0.1* 0 <0.001 0.002 0.003 7.996 
Sodium (Na)   5.279 10.4 217.025 0.527 
Strontium (Sr)   0.03 0.16 0.62 0.100 
Tin (Sn)   <0.001 <0.001 0.002 0.243 
Titanium (Ti)   <0.001 0.001 0.01 0.171 
Tungsten (W)   <0.0001 0.001 0.002 0.004 
Uranium (U) 0.03 0 <0.0001 <0.0001 0 - 
Vanadium (V)   <0.001 <0.001 0.003 2.182 
Zinc (Zn) 5 0 <0.001 0.033 0.392 1.202 
 
 
  
4
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Table 4.2.3 below lists all households surveyed and sampled to date (May 2013).  
Cherry Blossom Road and Hill Top Road had the most households surveyed and 
sampled, with 7 and 6 households respectively. Households Cherry Blossom 1 and 
Hill Top 2 had over 3 months of consecutive water sampling data.  
Overall analysis of survey data for the 13 households on Cherry Blossom and Hill  
Top Road show similar issues as the general study with 9 households (69%) reporting 
a quality or quantity issue, 3 households (23%) reporting no issues and 1 household 
(8%) unsure. Color was the major quality issue with 5 (38%) of households reporting 
changes. Ten (77%) of households indicated that they had their water tested 
previously, however only 3 (23%) indicated that these were predrill testing. Water 
analysis also showed the presence of all anions except nitrite. Elemental analysis 
showed iron and manganese to be elevated. Figures 4.2.1 and 4.2.2 below illustrate 
the monthly field and laboratory water chemistry results for the households Cherry 
Blossom 1 and Hill Top 2. These results indicate that although they are less than 700’ 
apart, their wells tap into different parts of the aquifer having different water quality 
and are impacted differently. It also demonstrates how a single water test is 
insufficient to determine water quality.
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          Table 4.2.3 List of all properties having both survey and water analysis 
Property  Water 
Source 
Well 
Type 
Well 
Depth 
(m) 
Change 
in Well 
Depth 
Issue Quality Quantity Smell  Color Taste Prior 
Testing 
Blue Jay 1 Well Unknown 106.68 Yes Yes Yes Yes Yes Yes  Yes 
Blue Jay 2 Well Unknown 83.82 Unknown Unknown      No 
Blue Jay 3 Well Cable 
tool 
88.39 No Yes Yes No Yes Yes Yes No 
Blue Jay 4 Well Unknown - Unknown No      Yes* 
Boy Scout 1 Well Cable 
tool 
48.77 No No No No    Yes* 
Boy Scout 2 Well Unknown 22.86 No No No No    Yes* 
Cherry Blossom 
1 
Well Cable 
toolx 
32.00 Unknown Yes Yes Yes    Yes 
Cherry Blossom 
2 
Well Cable 
tool 
56.39 Unknown Unknown      Unknown 
Cherry Blossom 
3 
Well Unknown 114.30 No Yes Yes  No Yes   Yes 
Cherry Blossom 
4 
Well Unknown 45.72 Unknown Yes Yes No   Yes Yes 
Cherry Blossom 
5 
Well Unknown 38.10 Unknown No      Yes* 
Cherry Blossom 
6 
Well Cable 
tool 
42.67 No Yes No Yes    Yes 
Cherry Blossom 
7 
Well Unknown 57.91 No No      Yes 
Chipmunk 1 Well Cable 
tool 
- Unknown Yes Yes Yes Yes   Yes* 
Chipmunk 2 Well Cable 
tool 
39.62 No Yes Yes  No Yes Yes  Yes 
Chipmunk 3 Well Cable 
tool 
50.29 No Yes Yes No  Yes  Yes 
Connoquenessing 
1 
Well Unknown 39.62 No Yes Yes  No Yes   Yes 
Grouse 1 Well Cable 
tool 
24.38 No No      No 
4
3
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Hawk 1 Well Unknown 59.44 Unknown Unknown      Unknown 
Hawk 2 Well Unknown - No Yes No Yes    Yes* 
Hawk 3 Well Cable 
tool 
- Unknown Unknown      Unknown 
Hill Top 1 Well Rotary 82.30 Unknown Yes Yes No Yes Yes  No 
Hill Top 2 Well Cable 
tool 
53.64 Unknown Yes Yes  No Yes Yes  Yes 
Hill Top 3 Well Rotary 27.43 No Yes Yes Yes Yes Yes  Yes* 
Hill Top 4 Well Unknown 38.10 No No      Yes 
Hill Top 5 Well Cable 
tool 
115.82 No Yes Yes Yes  Yes  Yes* 
Hill Top 6 Well Rotary 36.58 Yes Yes Yes Yes  Yes  No 
Lakeview 1 Well Cable 
tool 
56.39 No No No No    No 
Pheasant 1 Well  -         
Pheasant 2 Well Unknown - Unknown Unknown      Unknown 
Pidgeon 1 Well Unknown - Unknown Yes Yes No Yes Yes  Yes 
Prospect 1 Well Unknown - Unknown Unknown      Unknown 
Puma 1 Well Unknown - Unknown No      Yes 
Spring Valley 1 Well Rotary 88.39 No Yes Yes Yes Yes Yes  Yes 
Spring Valley 2 Well Unknown 274.32 Unknown Yes Yes Yes    No 
Spring Valley 3 Well Rotary 91.44 No Yes No Yes    Yes 
Woodlands 1 Well Cable 
tool 
30.48 No No      Yes* 
Woodlands 2 Well Cable 
tool 
56.39 No No      Yes* 
Woodlands 3 Well Cable 
tool 
24.38 No No      Yes 
 
4
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Figure 4.2.1 Field results for Cherry Blossom 1 and Hill Top 2 
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Figure 4.2.2 Lab results for Cherry Blossom 1 and Hill Top 2 
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4.3 Data Mapping and File Review Results 
Survey and water chemistry analysis results were visually displayed using  
ArcMap10. Results were displayed in relation to surrounding unconventional gas 
extraction activity, topography and landforms and existing and historic man-made 
activities. Figure 4.3.1displays results of the door-to-door survey conducted on 
October 22, 2011 and subsequent survey data collected from August 2011 through 
December 2012. Overlay of elevation imagery and topographic data with survey 
results and well spuds shows that both survey properties and spuds are located on 
topographic highs (Figure 4.3.2A and B). Figure 4.3.3 displays the conventional oil 
and gas fields underlying to Woodlands. Figure 4.3.4 shows the USGE wells 
surrounding the Woodlands. Figure 4.3.5 shows survey results plotted over locations 
of current and historical gas, oil and coal activities surrounding the Woodlands. 
File review comprised of the review of water testing reports carried out by the  
industry as part of their pre-drill testing requirements, water testing reports carried out 
by the PA DEP and USGE well location and completion reports filed with the PA 
DEP. Five households had results of their water tests carried out by the driller. Four 
of these reports were pre-drill testing results. Table 4.3.1 summarizes these results. 
Three of the 5 households also had their water tested by the PA DEP. These reports 
were generated when the home owner filed a complaint with the DEP subsequent to 
noticing changes to their well water supply. Table 4.3.2 summarizes these results. 
Results of a comprehensive but incomplete 1,000 plus page review of well location 
and completion reports filed with the PA DEP are summarized in table 4.3.3. Table 
48 
 
4.3.4 list violations for oil and gas activity in Connoquenessing Township from 
September 2010 through September 2012. 
Table 4.3.1 Industry water testing results (*Pre-drill testing) 
Analyte Household 1* 
Sample date 
6/29/2010 
Household 2* 
Sample date 
6/30/2010 
Household 3* 
Sample date 
5/3/2010 
Household 4* 
Sample date 
6/28/2010 
Household 5 
Sample date 
6/29/2011 
Barium (mg/L) 0.155 0.389 0.227 0.113 0.13 
Chloride (mg/L) 2.4 173.7 11.5 21.2 25.5 
Iron (mg/L) 0.149 0.173 1.7 0.31 2.952 
Manganese 
(mg/L) 
0.049 0.143 0.353 0.047 0.622 
Spc. 
conductance 
(µS/cm) 
339 861 212 825 456 
Total dissolved 
solids (mg/L) 
183 581 179 420 291 
E. coli Absent Absent Absent Absent Absent 
Total Coliform Absent Absent Absent Present Present 
Methane (mg/L) ND ND ND 8.53 2.66 
Strontium Not tested Not tested Not tested Not tested 0.089 
 
Table 4.3.2 PA DEP testing results for three households from the Woodlands 
Analyte Household 1 Household 2 Household 
5 
Sample date 
2/10/2011 
Sample date 
2/14/2011 
Sample date 
4/4/2011 
Sample date 
11/14/2012 
Sample 
date 
8/11/2011 
Barium (mg/L) 0.142 0.495 0.143 0.61 0.132 
Chloride 3.9 2.2 2.5 252.4 11.2 
Iron (mg/L) 1.175 36.6 0.113 2.059 1.968 
Manganese 
(mg/L) 
0.194 5.617 0.081 0.287 0.69 
Strontium (mg/L) 0.163 0.224 0.189 0.591 0.123 
Spc. conductance 
(µS/cm) 
381 366 299 1072 300 
Total dissolved 
solids (mg/L) 
244 172 164 872 226 
E. coli Absent Not tested Not tested Not tested Not tested 
Total Coliform Absent Not tested Not tested Not tested Not tested 
Toluene (mg/L) ND 0.000372 Not tested Not tested Not tested 
Other VOC's ND ND Not tested Not tested Not tested 
Methane (mg/L) Not tested Not tested Not tested 0.0153 0.0241 
Ethene (mg/L) Not tested Not tested Not tested Not tested 0.0198 
Ethane (mg/L) Not tested Not tested Not tested 0.0124 0.0198 
Propane (mg/L) Not tested Not tested Not tested 0.0142 0.0142 
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Figure 4.3.1 Survey results showing households reporting quality and/or quantity issues 
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Figure 4.3.2A Survey results with elevation imagery 
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Figure 4.3.2B Survey results with topographic map 
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Figure 4.3.3 Survey results plotted over conventional gas fields underlying the Woodlands 
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Figure 4.3.4 Woodlands with surrounding USGE wells   
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Figure 4.3.5 Survey results plotted over locations of current and historical gas, oil and coal activities
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Table 4.3.3 Unconventional shale gas drilling record summaries 
Well Name Dates Fracked Volume of Fluid (m3) Proppant (kg.) Length Fracked 
(m) 
Steven Lesney 1 2/12/2007 44.82 1,884.22 35.97 
Reedy 2  6/10/2008 – 6/10/2008 4037.90 227,912.02 18.90 
Shannon 1H 10/5/2010 – 10/9/2010 13,522.28 1,708,274.23 914.40 
Shannon 2H 12/10/2010 – 
12/19/2010 
12,034.88 1,116,313.50 810.77 
Voll 1H 1/7/2011 – 1/21/2011 11,958.81 1,194,989.10 987.55 
Voll 2H 1/7/2011 – 1/22/2011 15,958.58 1,723,832.44 1280.16 
Ragan 11 4/20/2011 – 4/20/2011 141.95 No data  65.84 
Grosick 1H 11/4/2011 – 11/12/2011 17,959.68 No data 1089.66 
Grosick 2H 1/10/2012 – 1/13/2012 14,856.89 No data 903.73 
 
Table 4.3.4 DEP violations for Connoquenessing Township 
Site Name Violation 
ID 
Violation 
Date 
Violation Description 
Edward Gilliland 0 OG 
Well 
594808 9/8/2010 Failure to plug a well upon 
abandonment 
Voll Unit 1H OG Well 595298 9/14/2010 Failure to maintain 2' freeboard in an 
impoundment 
Voll Unit 1H OG Well 595299 9/14/2010 Failure to report defective, 
insufficient, or improperly cemented 
casing w/in 24 hrs or submit plan to 
correct w/in 30 days 
Voll Unit 3H OG Well 599948 11/16/2010 Stream discharge of IW, includes drill 
cuttings, oil, brine and/or silt 
Gilliland Unit 4H OG 
Well 
599859 11/20/2010 Failure to properly store, transport, 
process or dispose of a residual waste. 
Bricker Unit 1H OG 
Well 
619173 8/31/2011 Failure to notify DEP, landowner, 
political subdivision, or coal owner 24 
hrs prior to commencement of drilling 
Bricker Unit 1H OG 
Well 
619174 8/31/2011 Failure to post permit number, 
operator name, address, telephone 
number in a conspicuous manner at 
the site during drilling 
Grosick Gilliland Carson 
Pipeline ESX 
629497 1/17/2012 Discharge of industrial waste to waters 
of Commonwealth without a permit 
Grosick Gilliland Carson 
Pipeline ESX 
630037 1/23/2012 Discharge of industrial waste to waters 
of Commonwealth without a permit. 
Bricker Pipeline ESX 641921 6/18/2012 Discharge of industrial waste to waters 
of Commonwealth without a permit. 
Patton Unit 1H OG Well 650294 9/28/2012 Conservation well located less than 
330' from lease or unit line without 
waiver. 
Data gathered from Pennsylvania Department of Environmental Protection eFACTS.   
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Chapter 5 Discussion 
 
5.1 Survey Analysis 
The objective of this study was to determine if unconventional shale gas  
extraction activity poses a threat to ground water supplies. The Woodlands 
community was chosen as the study site for this investigation because of its 
dependence on ground water as its sole water supply, the significant number of 
unconventional shale gas wells and the willingness of the participants. 
Of the 143 households that completed the survey, 40% indicated having a quality  
and/or quantity issue with regards to their private water supply. Changes to water 
quality was the most prevalent issue with 89% of survey respondents reporting a 
change, with changes to water color being the most common issue. Review of survey 
results to date (May 2013) shows a majority of the Woodlands was surveyed and 
sampled, covering multiple households on many streets. Cherry Blossom Road and 
Hill Top Road had the most number of households surveyed and sampled. Cherry 
Blossom had 7 and Hill Top had 6 households. Analysis of the data for the 
households on Cherry Blossom and Hill Top also shows similar findings as the 
overall study data. Changes to water quality and quantity were the major issue, with 
69% of households on these two streets indicating issues. 
Ground water quality can be impacted by both natural and man-made factors.  
Survey findings show that changes considered aesthetic (i.e. color, smell and taste) 
impacting water quality were the major issues. Water quality changes seen in this 
study are similar to those associated with hard water. Hard water is water that has 
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high dissolved minerals, especially calcium and magnesium and can occur in aquifers 
underlying shale rich formations. As discussed earlier, western Pennsylvania in 
general and the Woodlands in particular, are rich in these shale formations, as evident 
by the historic mining legacy and the active unconventional shale gas extraction 
activity in this region. Changes to water quantity were reported by over 40% of 
surveyed households. Quantity issues ranged from loss of water, decrease in flow and 
the inability to use the well. The cause of water quantity changes were difficult to 
establish due to the lack of data and poor understanding and knowledge of the causes 
and signs of such changes by the residents. Well depth change can be an indicator to 
ongoing or future water quantity changes. However, only 4% of the survey 
respondents indicated that they knew of a change in their well depth. 54% of 
households on Cherry Blossom and Hill Top also indicated water quantity changes. 
Survey results show that Woodlands residents have noticed a change in their well  
water supply. The changes seen are akin to waters associated with coal mined areas. 
While the presence of mine impacted water in the Woodlands is not unexpected, 
given the legacy of coal mining, changes seen are new occurrences and are 
widespread. The survey results indicate that a change in quality and quantity of well 
water in the Woodlands has occurred since 2010. 
 
5.2 Water Analyses 
Drinking water can be contaminated with many different pollutants, with most of  
these pollutants being classified into four contaminant classes: microbial, inorganic, 
organic and radiological. Each of these classes can provide a unique insight into the 
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sources and cause of ground water contamination. For example, viruses, bacteria and 
protozoans make up microbial contaminants and are found in ground water at varying 
levels and may consist of both benign and disease causing organisms (Swistock et. al, 
2003). Testing for the presence or absence of certain indicator bacterial groups such 
as coliforms can indicate the purity of a water source as well as the source of 
microbial contamination. The presence of fecal coliform bacteria in water can 
indicate contamination sources linked to human sewage or animal wastes.  
Inorganics are substances such as salt and metals that are of mineral origin  
(Swistock et. al, 2003). Some common inorganic pollutants in Pennsylvania waters 
include arsenic, barium, chloride, copper, lead, iron, manganese, nitrates, sulfates, 
and total dissolved solids. Inorganic pollutants can come from natural sources, i.e. 
underlying geology as well as from man-made sources such as mining and farming 
activities. Organic chemicals in the ground generally point to anthropogenic sources 
of pollution such as landfills, gas stations, and pesticide applications to farmland. 
Monitoring and measuring for a variety of analytes from these major classes  
of contaminants can serve as a quick and easy screening method to gauge water 
quality. Potential sources of ground water contamination can be assessed based on the 
levels of these analytes detected.  
Both field and lab water analysis indicate elevated levels of chloride, fluoride,  
manganese, iron, mercury and specific conductance. These levels were elevated 
above the MCL and SMCL set in the drinking water standard at some of the 
locations. Of the seven anions tested, only nitrite was not detected. Of the 34 
elements tested for, only bismuth, cadmium and cesium were not detected. While 
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samples were analyzed for a total of 7 anions 34 elements, only fluoride, iron, 
manganese and mercury had limits set in the drinking water standard. 
Chloride was found in 100% of samples at varying concentrations, however none  
exceeded the secondary drinking water limit of 250 mg/L. Elevated chloride was seen 
in field analysis of one sample with a concentration of 426.20 mg/L. However, 
laboratory analysis of this elevated chloride sample indicated a concentration of 
143.71 mg/L which is below the secondary drinking water standard. While the 
presence of chloride in Pennsylvania groundwater is common, concentrations are 
typically less than 25 mg/L (Swistock et. al, 2003). Chloride levels seen in this study 
were elevated compared to general ground water in Pennsylvania. Common sources 
contributing to elevated levels of chloride are leaching of salt from roads and 
highways and contamination from sewage effluent, animal manure and industrial 
waste (Swistock et. al, 2003). Although testing for fecal coliforms and E. coli was not 
part of the scope of this study, a separate study failed to detect either in samples 
collected from homes surveyed herein (M. Bricker, personal communication). Thus 
sewage and agriculture run off are unlikely sources of chloride contamination. Road 
salts, industrial waste and brines from coal beds and unconventional shale fluids can 
also elevate chloride levels. Road salts and industrial wastes have unique chemical 
signatures compared to brines associated with deep geologic formations. Formation 
brines and unconventional shale fluids contain concentrations of chloride that range 
from approximately 1,000 to 150,000 100,000 mg/L (Haluszczak et. al, 2013). 
Chloride was also detected in continuous monitoring of household on Cherry 
Blossom Road and Hill Top Road. Chloride levels for these households and overall 
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study showed significant variation over the course of the study. While none of the 
chloride levels seen in this study exceeded the SMCL, intrusion of brines (either coal 
bed or unconventional shale gas formations created during fracking) as a potential 
source cannot be ruled out at this time.  
Specific conductance is the measure of the electrical conductance of water and is  
dependent on the ionic load of the water (total dissolved solids, TDS). Specific 
conductance was elevated (above 750 µS/cm) in 5 of the 57 water samples in this 
study. These five samples also showed increased total dissolved solids, with readings 
greater than the 500 mg/L limit set in the secondary drinking water standard. Specific 
conductance and TDS levels seen in this study do not point to USGE activity as a 
potential source. USGE flowback and produced water typically have TDS readings in 
excess of 100,000 mg/L (Haluszczak et. al, 2013; Dersel et. al, 2010). 
Fluoride and mercury have MCLs set under the drinking water standards and iron  
and manganese have SMCLs. These four analytes were elevated in 29 samples with 
fluoride concentrations above the 4.0 mg/L MCL in 14% (8) of the samples, iron 
elevated above the 0.3 mg/L SMCL in 3.5% (2) of samples, manganese elevated 
above the 0.05 mg/L SMCL in 44% (25) of samples and mercury elevated above the 
0.002 mg/L MCL in 3.5% (2) of the samples. The presence of dissolved iron and 
manganese is a common occurrence in western Pennsylvania waters, especially 
around coal mining areas (Swistock et. al, 2003). Levels of iron and manganese seen 
in this study are indicative of waters in coal mining areas. Samples with elevated 
levels of mercury were random and results are inconclusive as to the cause and origin. 
Although rare, mercury contamination can occur from mining, industrial and landfill 
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activities (Swistock et. al, 2003). Fluoride is rarely found in ground water however 
levels can be elevated due to natural underlying geology or from man-made sources 
such as fertilizers. Twenty five household (44%) had elevated levels of manganese 
(>0.05mg/L SMCL), thus the most common contaminant that impacted water quality 
was manganese. While elevated manganese is associated with coal mining, DEP cites 
elevated manganese as indicators of contamination from oil and gas drilling and have 
been detected at concentrations of 1.2 to 8.45 mg/L in flowback water (Legere, 2013; 
Haluszczak et. al, 2013). 
Seasonal changes also affect ground water. Ground water is typically plentiful  
during the late winter and springs months from recharge from snow melt and 
abundant precipitation. Summer and fall have the opposite effect, with ground water 
levels dropping due to lower recharge as a result of decreased rain and greater 
evaporation due to warmer temperatures. One household each on Cherry Blossom and 
Hill Top had regular water monitoring data. Cherry Blossom 1 had data from 
September 2012 through March 2013 and Hill Top 2 had data from September 2012 
through May 2013. This period represents fall, winter and spring sampling. Both 
Cherry Blossom 1 and Hill Top 2 lie on streets parallel to each other at similar 
elevations, 405.38 m (1330 ft) and 402.34 m (1320 ft). respectively. Both wells are 
cable tool but are at different depths; Cherry Blossom 1 has a well depth of 32.00 m 
(105 ft) and Hill Top 2 has a well depth of 53.64 m (176 ft). Both these wells are 
within close proximity (~700 m) to the Voll Unit (USGE well pad). Figures 4.2.1 and 
4.2.2 show the field and laboratory water chemistry data for Cherry Blossom 1 and 
Hill Top 2 respectively. 
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Comparing the field results of Cherry Blossom 1 and Hill Top 2 (Figure 4.2.1)  
show that both temperature and pH readings for this period were steady. Dissolved 
oxygen readings showed more seasonal fluctuations for Cherry Blossom 1 than Hill 
Top 2, increasing in the colder months (December through March) as cold water 
holds more oxygen. Dissolved oxygen readings for Hill Top 2 also showed similar 
seasonal patterns with much less fluctuations. Comparing field and laboratory data 
(Figures 4.2.1 and 4.2.2) shows that Hill Top 2 chloride and specific conductance 
readings mirrored each other indicating that chloride was the major source of 
dissolved solids. In contrast, conductivity for Cherry Blossom 1 appears to be due to 
an increase in sulfate. 
Laboratory results for Cherry Blossom 1 and Hill Top 2 (Figure 4.2.2)  
shows that except for phosphate, all readings were higher for Hill Top 2 compared to 
Cherry Blossom 1. Elemental analysis for these two households shows the presence 
of iron and manganese. Cherry Blossom 1 had one incident each of elevated iron and 
manganese on 3/20/2013 and 11/7/2012 respectively. Hill Top 2 had elevated iron 
and manganese on all dates except 11/7/2012 and 9/14/2012 respectively. These 
levels were elevated above the SMCL. 
Review of regular field and laboratory monitoring data for the two wells showed  
similar results as the overall study water chemistry (i.e. elevated iron and 
manganese). The differences in water chemistry of the two wells, even though the 
wells are in close proximity to each other and the unconventional well site, and are of 
the same construction (e.g., cable tool) indicates that the two wells draw water from 
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very different sources. In addition, it also confirms the variable nature of ground 
water. 
 Review of water sampling analyses showed a range of concentrations for the  
various analytes. The most common contaminates were sodium, chloride, calcium, 
magnesium, iron and manganese. While high concentrations of sodium, calcium and 
chloride are seen in flowback and produced waters associated with USGE activity, 
sources other than oil and gas activity can also elevate these levels (Vidic et. al, 
2013). Elevated contaminates seen in this study are the same parameters reported by 
the DEP upon their investigation of well water complaints. While the DEP deemed 
most of these contaminates were not related to oil and gas activity, about 30 cases of 
well water contamination was directly attributed to oil and gas extraction activity 
based on elevated levels of iron, manganese or TDS (Leger, 2013). Study findings 
show possible changes to water chemistry from surrounding USGE activity around 
the Woodlands. However, the lack of baseline water quality data and the variability of 
water chemistry make it difficult to pinpoint a definitive cause. Routine water testing 
carried out before, during and after USGE activity is needed in order to identify the 
origin and cause. 
 
 
5.3 Data Mapping and File Reviews 
A base map of the Woodlands was created and populated with data showing the  
143 locations of the survey (Figure 4.3.1), surface elevations (Figure 4.3.2), 
conventional oil and gas fields (Figure 4.3.3), new Marcellus wells (Figure 4.3.4), and 
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a summary map of active and abandoned coal mining operations, gas and oil wells, 
and Marcellus wells (4.3.5). It is evident that there has been a lot of extractive 
operations in the region. Mapping of survey results shows the spatial extent of ground 
water issues experienced by Woodlands residents, with the red circles indicating 
households reporting issues, the blue circles reporting no issues and yellow circles 
being those households unsure of issues (Figure 4.3.1). Overlay of the survey results 
with topography and unconventional well pad sites show that both the properties and 
unconventional well pads are located on topographic high areas (Figure 4.3.2A and 
B). Issues experienced by residents may be related to the proximity and location of 
the unconventional wells to the neighborhood. 
As discussed earlier in section 1.6, most incidence of ground water contamination  
occurs as a result of compromised impoundments, surface spills and inadequate 
wastewater management practices (Boyer et. al, 2012). Studies have also shown that 
well bore casing and cementing failures and improper well operations are other 
possible mechanisms of ground water contamination (Harrison, 1983, 1985). 
Contaminants from surface spills and/or casing failures can infiltrate into the ground 
and be transported into the underlying aquifers. Table 4.3.4 list violations for oil and 
gas activity in Connoquenessing Township from September 2010 through September 
2012. As seen, violations range from simple administrative issues such as failure to 
post proper documentation to more complex environmental issues such as improper 
discharges, and compromised well casings and inadequate well plugs. Review of 
these violations show that the more environmentally harmful violations, namely 
failure to plug a well upon abandonment and well casing failure, that could pose a 
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threat to ground water sources occurred in late 2010 with the Gilliland and Voll wells. 
The Gilliland and Voll wells are in close proximity to the Woodlands, with the 
Gilliland units being approximately 750 m and Voll units being approximately 500 m 
away from Woodlands Road (T343 in Figure 4.3.1). The close proximity and similar 
elevations of both the residential community and unconventional wells provides 
relatively shorter, convenient pathways for the transport of fluids should such 
breaches similar to those described at the Gilliland and Voll wells were to occur. 
Such violations may help explain issues experienced by the Woodlands community, 
which coincided with the well stimulation in early 2011. Initial review of 
unconventional shale gas extraction violations in Connoquenessing Township appears 
to coincide with the reported onset of ground water issues in the Woodlands.  
Review of historical records revealed that the Woodlands sits above the Little  
Creek and Harmony-Zelienople conventional gas play (Figure 4.3.3). These reserves 
have been associated with historic oil and gas extraction as illustrated in Figures 
4.3.5. In addition, the area has been the site of significant coal mining activities and 
more recently, USGE (Figure 4.3.4), with these activities generating its own 
characteristic waste and drainage. Relating the results of the mapping, survey findings 
and USGE violation data, does show possible cause for groundwater issues 
experienced in the Woodlands. Although the research is lacking, the cumulative 
impacts of fracking and existing and legacy oil and gas activity on the transport of 
fluids impacting ground water is of concern and are possible mechanisms that could 
explain ground water issues (Vidic et. al, 2013; EPA, 2012). 
Survey data together with supporting unconventional well location data obtained  
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from the PA DCNR was used to create Figure 5.3.1. This figure shows the 
Woodlands with unconventional well laterals within a 2.5 mile radius of the 
community and the direction of the drilling. Analysis of this data does show possible 
correlation between surrounding unconventional shale gas activity and those 
households reporting ground water issues in the Woodlands (red circles - figure 
5.3.1). The distribution of those households reporting ground water issues may be 
related to the direction of drilling, depths of wells and the propagation of fractures.   
Shales contain natural fractures known as joints (Harper, et. al, 2010; Engelder,  
et. al, 2009). The Marcellus Formation has two joint sets, J1 and J2. These joints 
formed during thermal maturation of the organic matter in the Marcellus and follow a 
systematic pattern and are found in sets, covering large areas (Engelder, et. al, 2009). 
Figure 5.3.2 below show the orientation of J1 and J2 joints in the Marcellus shale. The 
J1 joint follow an east-northeast direction and the J2 is perpendicular to the J1 and 
follows a north west direction (Engelder, et. al, 2009). J1 joints are better developed, 
more permeable and closely spaced than J2 joints. Thus in order to take advantage of 
the enhanced permeability of the J1 and maximize yields, horizontal drilling typically 
follows a north-northwest or south-southeast direction (Engelder, et. al, 2009). The 
Woodlands are now surrounded by at least 69 laterals, the first being drilled in 2007. 
Figures 5.3.3 – 5.3.6 below are well location plats of laterals for a few unconventional 
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Figure 5.3.1 Woodlands with selected unconventional well laterals and direction of drilling
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Figure 5.3.2 Joints in the Marcellus shale (Harper, et. al, 2010) 
 
wells surrounding the Woodlands, namely Plesniak, Pallack, Voll and Gilliland. 
Mapping the location of the well pads (which corresponds to the top bore of the 
unconventional wells) and the bottom hole of the unconventional well, gathered from 
the well location plats, was used to present the extent and direction of the laterals 
(Figure 5.3.1). As seen the predominant drilling direction follows a north-north-west 
or south-south-east direction, consistent with the recommendations in order to 
maximize yields. This direction of drilling maximizes yields by intercepting the 
natural joints in the formation. Correlating survey findings, unconventional shale gas 
drilling direction and Marcellus Formation joint orientation does show that those 
households reporting issues appear to be situated within the joints found in the 
Marcellus and in the direction of drilling. It is a possibility that the combination of the 
69 
 
drilling direction and the natural fracture orientation of the formation enable the 
creation of conductive pathways for the communication between the deep shale 
formation and the shallower ground water aquifer. While it is argued that the Tully 
limestone acts as a barrier for upward fracture propagation, consideration must be 
given to the  cumulative effect of unconventional shale gas extraction with legacy 
mining activity in the creation of conductive pathways between deep formations and 
shallow aquifers is a possible explanation for the issues seen in the Woodlands.  
It is argued that the great depths (over 1524 m) separating the Marcellus  
Formation from the ground water aquifers acts as a barrier for the communication 
between these zones. However it is possible that hydraulic fracturing could propagate 
these joints, causing them to intersect natural and man-made channels such as 
abandoned mines, creating conductive pathways for the migration of fluids from the 
deep formations or surface compromises to shallow aquifers. Such scenarios have 
been proposed by the EPA as possible routes for ground water contamination (US 
EPA, 2012). 
Table 4.3.1 and 4.3.2 show industry and PA DEP water testing results. Two  
households provided reports of pre-drill water testing carried out by the industry as 
well as reports of water testing done by the PA DEP. Review of this data showed 
elevated levels of all analytes except for barium in household 1 between pre-drill and 
post-drill. Household 1 also had industry pre-drill and three PA DEP post-drill testing 
data. Analysis of this data indicates the increases in iron, manganese and strontium 
coinciding with drilling activities. However the levels decrease in subsequent 
sampling. The latter findings were consistent with subsequent study results. Findings 
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and file review of water testing data show a change in water quality from pre-drill to 
post-drilling. Review water testing reports also showed inconsistencies in sampling 
parameters between industry and regulatory entity.  
DEP file review of USGE well completion reports show that each well has been  
stimulated by slick water hydraulic fracturing with varying amounts of fluids and 
proppant (Table 4.3.3). It is estimated that on average 14,384.56 m3 (3.8 million 
gallons) and 1,451,495.58 kg (3.2 million lbs.) of fluids and proppant respectively 
have been used per lateral in the Woodlands. Taking into account the 65 laterals 
surrounding the Woodlands, the land deformation created by such large volumes of 
fluids and proppant under high pressure could contribute to a significant subsurface 
disturbance altering the underlying hydrogeology. This uplifting can cause a shift in 
existing fractures and/or create new fractures. These fractures can act as pathways for 
the migration of formation and production fluids as well as legacy mining waste and 
drainage. (US EPA 2012). 
Land deformation associated with hydraulic fracturing can be gathered by  
monitoring and measuring for changes in the surface topography using devices 
known as inclinometers or tiltmeters (Haag, et. al, 2011). Such techniques have been 
used by the oil and gas industry to locate and orient fractures in order to aid and 
enhance gas extraction and recovery (Halliburton, 2011). Some of the questions 
related to fracturing that can be addressed using this technology include the growth of 
fractures with time, and if the injected fluid remains within the extraction zone or 
does it migrate and threaten ground water sources (Halliburton, 2011). Studies on the 
deformation caused by hydraulic fracturing can provide information allowing better 
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understanding of the changes to underlying geology during fracturing and its effects 
on the transport of contaminants and fluids up towards ground water sources. 
Mapping of survey findings, current and legacy mining operations, topography,  
industry, PA DEP water testing, USGE violation notices and USGE well location and 
completion reports does show a correlation between USGE and ground water issues 
in the Woodlands. 
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Figure 5.3.3 Voll Unit 3H well location plat showing direction of drilling (DEP) 
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Figure 5.3.4 Gilliland Unit 1H well location plat showing direction of drilling 
(DEP) 
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Figure 5.3.5 Pallack Unit 5H well location plat showing direction of drilling 
(DEP) 
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Figure 5.3.6 Plesniak 9H well location plat showing direction of drilling (DEP) 
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Chapter 6 Summary and Future Direction 
Unconventional shale gas extraction surrounding the Woodlands first began in  
early 2007 and 2008 with the drilling of the Steven Lensey 1 and Reedy D2 vertical 
wells respectively. Soon after this, drilling activity increased with 20 of the 21 well 
spuds being drilled between March 2010 and November 2011. Currently there are 65 
lateral wells within a 4 kilometer radius of the Woodlands. Coinciding with the 
increase in unconventional shale gas extraction, residents of the Woodlands noticed 
changes to their water supply. Issues experienced by residents included both quality 
changes such as increased discoloration, taste and smell as well as quantity changes 
such as decreased supply or loss of water. 
A door-to-door survey of Woodlands residents was carried out in the fall of  
2011. Residents were asked six questions regarding water supply, well location, well 
construction and water issues. Of the 143 households surveyed, 56 households (39%) 
reported a change in quality and/or quantity to their water supply. Furthermore, 50 of 
these 56 households (89%) reported a change in their water quality, followed by 23 
households (41%) and 18 households (32%) reporting quantity and both quality and 
quantity issues respectively. The predominant quality issue was changes to water 
color with 27 of the 56 (48%) households reporting a change in the appearance of 
their water. While all residents of the Woodlands relied on well water, many did not 
know the type of well, age of the well and depth of the well. Residents were also not 
aware of the different aspect surrounding unconventional shale gas extraction 
activity. While 66% of survey households indicated that they had their water tested at 
some point, only 29% of these were predrill tests. Routine testing of their water 
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supply was not a common practice. Residents also indicated that predrill testing 
results were never received or results were received late and interpretation of these 
results was a challenge. Review of survey data from Cherry Blossom and Hill Top 
roads which had the most number of households surveyed and sampled showed 
similar findings as the general study. 
The survey findings indicate a change in the well water supply of the  
Woodlands since 2010. In addition to changes to water quality and quantity, survey 
findings also indicate a general lack of knowledge, awareness and information of the 
residents with regards to basic ground water and water well maintenance, surrounding 
unconventional drilling activity, drinking water testing parameters and standards. 
Thus it is evident that there is a strong need for well water quality education. 
Each water sample was analyzed for 7 anions and 34 elements. The 7 anions  
consisted of chloride, bromide, fluoride, sulfate, phosphate, nitrate and nitrite. 
Unconventional shale gas flowback liquids exhibit high concentrations of chlorides 
and bromides and elevated concentrations of manganese. Statistically significant 
concentration increases of these three anions in ground water could be used as 
indications that surface or subsurface sources of drilling fluids are impacting the 
groundwater regime. Conversely, elevated levels of sulfate are associated with areas 
of coal mining and high phosphates and nitrates are commonly seen in areas of active 
farming and may not be useful indicator parameters for determining if USGE drilling 
is impacting the groundwater regime. Fluoride rarely occurs naturally and is more 
commonly seen in public drinking water supplies and is not a constituent considered 
in recent studies of flowback water therefore its use as an indicator parameter is 
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uncertain. Elemental analysis for selected inorganics, and trace elements such as 
barium, boron, sodium, and strontium, as well as radionuclides, including radium, 
could provide information on the relationship of the perceived ground water issues in 
the Woodlands to the unconventional shale gas drilling activity. 
Fifty seven water samples were collected between August 2011 and December  
2012 representing 33 households. Water analysis indicated elevated levels of 
chloride, fluoride, manganese, iron, mercury, specific conductance and total dissolved 
solids. Of the many analytes and water quality parameters tested for, only those 
mentioned above had limits set in the drinking water standard and exceeded the 
regulatory limits. Chloride, fluoride, iron, manganese and total dissolves solids had 
secondary drinking water limits and mercury had primary drinking water limits. 
Review of monthly water monitoring data for two households that reported issues 
with their well water supply in the survey also showed similar issues as the overall 
study findings, i.e. elevated fluoride, chloride, manganese, specific conductance and 
total dissolved solids. 
Analysis of both overall study and specific household water chemistry data  
showed similar findings, with manganese being the most common contaminant. 
Comparison of monthly water sampling data for two households in close proximity to 
each other and USGE wells showed very different results, confirming the complex 
nature of ground water and that significant differences in water quality are possible 
for wells of similar physical characteristics (location, construction, elevation). 
Review of available pre and post drilling water testing results conducted by the  
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PA DEP and the drilling companies also showed elevated levels of iron, manganese, 
total dissolved solids and strontium that coincided with the drilling activities in 2010-
2011 and decreased in subsequent sampling. High concentrations of these constituents 
are commonly found in flowback liquids. 
Water chemistry analysis of this study confirms elevated levels of select analytes.  
These analytes are commonly associated with impacts of coal mining activity. 
However water chemistry analysis also showed the presence and increasing trend 
concentrations of flow back water indicator parameters, such as bromide, barium and 
strontium. The lack of baseline water quality data merits the need for further testing 
in order to identify the source of contamination and/or rule out USGE activity as a 
possible cause. 
Survey findings and other supporting data such as unconventional shale gas well  
locations and legacy mining activities were mapped using ArcMap. The visual 
display of survey and related data enabled the correlation of survey findings to 
surrounding unconventional shale gas activity. Mapping results show that the 
Woodlands sits atop the Little Creek and Harmony-Zelienople conventional oil and 
gas reserves. Overlay of survey results with location of unconventional drilling sites 
show 65 laterals within a 2.5 mile (4 kilometers) radius of the community. 
Additionally, both drill sites and the community are located on topographic highs. 
Review of oil and gas violations of those wells surrounding the Woodlands shows 
that violations ranged from simple administrative issues to more complex breaches 
that could impact ground water sources. Breaches such as failure to plug wells, 
defective or improper casings and failure to properly store, transport, process or 
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dispose of a residual waste could be potential above ground sources of contaminants 
that could infiltrate into unconfined ground water regime. The timing of these 
breaches with the onset of ground water issues reported by the Woodlands 
community does show possible cause. 
Mapping of unconventional well location data, shows the distribution of  
unconventional shale gas wells and the direction and extent of the laterals. As shown 
by the mapping of this data, unconventional shale gas drilling surrounding the 
Woodlands follows a north-north-west or south-south east direction. Such a drilling 
direction maximizes yields by intercepting the natural fractures found in the 
Marcellus. Correlating survey findings, unconventional shale gas drilling direction 
and Marcellus formation joint orientation does show that those households reporting 
issues appear to be situated within the joints found in the Marcellus and in the 
direction of drilling. A possible explanation to the ground water issues seen in the 
Woodlands could be the result of the creation of conductive pathways due to a 
cumulative effect of the drilling direction and the natural fracture orientation of the 
formation. Taking into account the historic coal mining activity in the Woodlands and 
the associated abandoned mines, conductive pathways may act as conduits for the 
migration of legacy mining as well as deep formations fluids. Such mechanisms have 
been proposed and are currently under investigation by the EPA as part of their 
general study as possible routes for ground water contamination (USEPA, 2012). If 
such routes are possible, it could explain the ground water issues experienced by the 
Woodlands residents. 
DEP file review of USGE well completion reports show that on average  
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14,384.56 m3 (3.8 million gallons) and 1,451,495.58 kg (3.2 million pounds) of 
proppant have been used to frac each lateral. Thus the 65 laterals could amount to 
946,352.95 – 1,135,623.54 m3 (250 – 300 million gallons) and 90,718,474 kg (200 
million pounds) of proppant. This could contribute to subsurface disturbances, and 
change hydrogeology, creating pathways enhancing the movement of hydraulic 
fracture fluids or formation fluids up to the surface, leading to well water 
contamination. 
Land deformation associated with hydraulic fracturing can be measured using  
tiltmeters or inclinometers. This technology has been and is being used by the oil and 
gas industry in order to answer numerous drilling related questions. Tilt fracture 
mapping can be used from the exploration, drilling and production phases of the 
entire unconventional shale gas extraction process and can help locate fractures, 
understand fracture propagation and enhance production costs and efficiencies 
(Halliburton, 2011). More importantly, monitoring the transport of drilling waste and 
cuttings can be better understood using this technology, as evident by the 
Halliburton’s stated use of tilt fracture mapping, “Does the injected waste and/or drill 
cuttings remain within the selected zone, or does it penetrate or threaten protected 
water sources?” (Halliburton, 2011). 
Correlating the findings with geologic, USGE well locations and water well  
location data does confirm the initial hypothesis that unconventional shale gas 
extraction poses a threat to ground water sources in the Woodlands. However the 
hypothesis that changes to well water quality and quantity can be correlated with 
unconventional shale gas extraction activities needs further investigation. 
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This study can be expanded and developed further in order to better understand  
the impact of unconventional shale gas extraction on ground water. The testing for 
organics and volatile hydrocarbons in ground water is one option. Organics such as 
benzene, toluene and glycol are common components of fracking fluid. The presence 
of such chemicals in ground water can help identify USGE as a source of 
contamination. Analysis of volatile hydrocarbons such as methane and ethane could 
also help to better understand possible contamination sources. Streams are the final 
outlet for all ground water sources, combining ground water sampling with systematic 
monitoring of surrounding surface waters can provide valuable data enabling the 
analysis of ground water issues and identify potential sources. 
In addition to expanding field studies, a thorough review of unconventional well  
permitting, location, completion and violation reports can provide information on the 
administrative/operational aspects relating to unconventional shale gas extraction. 
Such information can enable a complete analysis from the inception of drilling 
activity and the onset of ground water issues.  
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PURPOSE: In response to the recent incidents in water well quality changes in the area, we are undertaking a 
survey to determine if there is a pattern to these disturbances and how it relates to the local 
hydrology. Our goal is to use GIS to map the location of water wells within the local watershed 
in an effort to locate the source and mechanism of contamination. 
 
YOUR PARTICIPATON: You will be asked 6 questions regarding your water quality and quantity. You will also be asked 
if you have had previous water testing done and whether you’d be willing to share those results. 
We may also request a sample of your well water for testing either at the time of the survey or at 
a later date. 
                                                              
RISKS AND BENEFITS:   There are no known risks beyond those of everyday  life. 
 
COMPENSATION: There is no compensation for participating in the survey. 
 
CONFIDENTIALITY: All information provided and collected will be confidential. Participants will not be identified in 
any report or summary of the surveys released.  
 
RIGHT TO WITHDRAW: You may withdraw from the study at any time and we will withdraw your data as well.   
 
SUMMARY OF RESULTS: You will be provided a summary of your well water test results that we conduct and an 
explanation of these results. 
 
VOLUNTARY CONSENT: I have read the above statements and understand what is being requested of me.  I also 
understand that my participation is voluntary and that I am free to withdraw my consent at any 
time, for any reason.  On these terms, I certify that I am willing to participate in this research 
project. 
                                                         
                                                     I understand that should I have any further questions about my participation in this study, I may 
call Dr. Joseph, Chair of the Duquesne University Institutional Review Board (412-396-1151). 
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Please feel free to contact me (Dr. Stolz) if you have any questions (412 396 4367; 
stolz@duq.edu) 
  
 
SIGNATURES:                                 Both the researcher and subject should sign, and each should hold a copy with original signatures. 
 
 
 
__________________________________    __________________ 
Participant's Signature      Date 
 
 
___________________________________    __________________ 
Researcher's Signature      Date 
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Appendix B: Survey Questionnaire 
 
 
Address: _____________________________   County: 
____________________  
 
GPS Coordinates: ____________________  ___________________  
      
 
1. Do you have well water and where is your well located? 
2. What kind of well is it (e.g. artesian, rotary, cable tool)? 
3. Do you know how deep the well is and have you noticed a change in your 
well depth? 
4. Have you noticed any change in water quality (taste, smell, color) and if 
so when? 
5. Have you noticed any change in the water flow or quantity? 
6. Have you had the water tested and would you be willing to share those 
results? 
 
 
Notes:  
__________________________________________________________________ 
________________________________________________________________________ 
________________________________________________________________________ 
________________________________________________________________________ 
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Appendix C: Survey Results 
* Industry predrill testing  
 
 
Household 
No. 
Water  
Source 
Well 
Type 
Well  
Depth 
(m) 
Change 
in Well 
Depth 
Issue Quality Quantity Smell Color Taste Prior 
Testing 
1 Well Unknown - No No - - - - - Yes 
2 Well Rotary 60.96 No No - - - - - Yes 
3 Well Unknown 106.68 Yes Yes Yes Yes Yes Yes - Yes 
4 Well Unknown 83.82 Unknown Unknown - - - - - No 
5 Well Cable 
tool 
88.39 No Yes Yes No Yes Yes Yes No 
6 Well Unknown - Unknown No - - - - - Yes* 
7 Well Cable 
tool 
24.38 Unknown Unknown - - - - - Yes* 
8 Well Cable 
tool 
63.40 Unknown Yes No Yes - - - No 
9 Well Unknown - Unknown Unknown - - - - - Unknown 
10 Well Unknown 91.44 No No - - - - - Yes 
11 Well Unknown 76.20 No No - - - - - Yes 
12 Well Cable 
tool 
68.58 No No - - - - - Yes 
13 Well Cable 
tool 
32.00 Unknown Yes Yes Yes - - - Yes 
14 Well Unknown 106.68 No Yes Yes Yes Yes - - Yes 
15 Well Cable 
tool 
56.39 Unknown Unknown - - - - - Unknown 
16 Well Unknown 45.72 Unknown Yes Yes Yes - - Yes Yes* 
17 Well Unknown 114.30 No Yes Yes No Yes - - Yes 
18 Well Unknown 45.72 Unknown Yes Yes No - - Yes Yes 
19 Well Unknown - Unknown Unknown - - - - - Unknown 
20 Well Unknown 38.10 Unknown No - - - - - Yes* 
21 Well Cable 
tool 
42.67 No Yes No Yes - - - Yes 
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22 Well Unknown - Unknown Unknown - - - - - Unknown 
23 Well Unknown 57.91 No No - - - - - Yes 
24 Well Unknown 56.39 No No - - - - - Yes* 
25 Well Cable 
tool 
- Unknown Yes Yes Yes Yes - - Yes* 
26 Well Unknown 33.53 Unknown Yes Yes Yes - - - Yes* 
27 Well Unknown 24.38 No No - - - - - Yes* 
28 Well Cable 
tool 
39.62 No Yes Yes No Yes Yes - Yes 
29 Well Cable 
tool 
50.29 No Yes Yes No - Yes - Yes 
30 Well Cable 
tool 
41.76 Unknown No - - - - - No 
31 Well Cable 
tool 
38.10 No Yes Yes No - Yes - No 
32 Well Unknown 36.58 No No - - - - - Yes 
33 Well Unknown - Unknown Unknown - - - - - Unknown 
34 Well Unknown - No Yes Yes No Yes - - Yes* 
35 Well Unknown - Unknown Yes Yes No - Yes - Yes 
36 Well Unknown 39.62 No Yes Yes No Yes - - Yes 
37 Well Rotary 68.58 No No - - - - - No 
38 Well Unknown - Unknown Unknown - - - - - Unknown 
39 Well Unknown 54.86 Unknown Yes Yes Yes Yes - - Yes 
40 Well Unknown 67.06 Unknown No - - - - - Yes* 
41 Well Unknown - Unknown No - - - - - Yes 
42 Well Unknown 54.86 Unknown No - - - - - Yes 
43 Well Cable 
tool 
24.38 No No - - - - - No 
44 Well Unknown 59.44 Unknown Unknown - - - - - Unknown 
45 Well Unknown - Unknown No - - - - - Unknown 
46 Well Unknown - Unknown Unknown - - - - - Unknown 
47 Well Unknown - Unknown Unknown - - - - - Unknown 
48 Well Unknown - Unknown No - - - - - Yes 
49 Well Unknown - No Yes No Yes - - - Yes 
50 Well Cable 
tool 
- Unknown Unknown - - - - - Unknown 
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51 Well Rotary 82.30 Unknown Yes Yes No Yes Yes - No 
52 Well Cable 
tool 
53.64 Unknown Yes Yes No Yes Yes - Yes 
53 Well Rotary 109.73 No Yes Yes No - Yes - Unknown 
54 Well Rotary 27.43 No Yes Yes Yes Yes Yes - Yes* 
55 Well Unknown 38.10 No No - - - - - Yes 
56 Well Cable 
tool 
115.82 No Yes Yes Yes - Yes - Yes* 
57 Well Rotary 36.58 Yes Yes Yes Yes - Yes - No 
58 Well Rotary 60.96 No No - - - - - Yes* 
59 Well Cable 
tool 
41.15 Unknown Yes Yes No - Yes - Yes 
60 Well Unknown - Unknown Unknown - - - - - Unknown 
61 Well Unknown - Unknown Yes Yes No - Yes - Unknown 
62 Well Cable 
tool 
27.43 No No - - - - - No 
63 Well Unknown 45.72 Unknown Yes Yes No Yes - - Yes* 
64 Well Rotary 146.30 No Yes Yes No Yes Yes - Yes* 
65 Well Unknown - Unknown Unknown - - - - - Unknown 
66 Well Unknown 79.25 Unknown Yes Yes Yes Yes Yes - Yes 
67 Well Unknown - Unknown No - - - - - Yes 
68 Well Unknown 79.25 No No - - - - - Yes 
69 Well Unknown - Unknown Unknown - - - - - Unknown 
70 Well Cable 
tool 
- Unknown No - - - - - Yes 
71 Well Unknown - Unknown Unknown - - - - - Unknown 
72 Well Cable 
tool 
38.10 Unknown Yes Yes No - - - Yes 
73 Well Cable 
tool 
41.15 No Yes Yes No - Yes - Yes 
74 Well Unknown - Unknown Yes Yes No - - Yes No 
75 Well Cable 
tool 
68.58 No Yes Yes No Yes - - No 
76 Well Rotary 76.20 No No - - - - - Yes 
77 Well Unknown 19.81 Unknown No - - - - - No 
78 Well Unknown 115.82 Unknown Yes  No - Yes - Unknown 
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79 Well Unknown - Unknown Yes Yes No Yes Yes - Yes 
80 Well Rotary 76.20 Unknown No - - - - - Yes* 
81 Well Unknown 44.20 Unknown No - - - - - Yes 
82 Well Unknown 140.21 No Yes Yes No Yes - - Yes* 
83 Well Unknown - Unknown Unknown - - - - - Unknown 
84 Well Cable 
tool 
48.77 Unknown No - - - - - Yes 
85 Well Unknown - Unknown Unknown - - - - - Unknown 
86 Well Unknown 140.21 No No - - - - - Yes* 
87 Well Unknown 121.92 Unknown No - - - - - Yes 
88 Well Unknown - Unknown No - - - - - Yes* 
89 Well Rotary 99.06 No Yes Yes No Yes - - Yes* 
90 Well Cable 
tool 
- No Yes Yes No Yes Yes - No 
91 Well Unknown - Unknown Unknown - - - - - Unknown 
92 Well Unknown 60.96 Unknown Yes Yes No Yes - - Yes 
93 Well Unknown - Unknown No - - - - - Yes 
94 Well Unknown - Unknown No - - - - - Yes 
95 Well Unknown - No No - - - - - No 
96 Well Unknown - No No - - - - - No 
97 Well Rotary 91.44 Unknown Yes Yes Yes - - - Yes 
98 Well Cable 
tool 
34.44 Unknown Yes Yes No - Yes Yes No 
99 Well Unknown - Unknown Unknown - - - - - Unknown 
100 Well Unknown 53.34 Unknown Yes Yes No - - - Yes* 
101 Well Cable 
tool 
25.91 No No - - - - - Yes 
102 Well Cable 
tool 
38.10 Unknown No - - - - - Yes* 
103 Well Cable 
tool 
30.48 Unknown No - - - - - Yes* 
104 Well Cable 
tool 
22.86 Unknown No - - - - - Yes* 
105 Well Unknown - Unknown Yes No Yes - - - Yes 
106 Well Unknown 57.91 No No - - - - - Yes* 
107 Well Rotary 88.39 No Yes Yes Yes Yes Yes - Yes 
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108 Well Unknown 274.32 Unknown Yes Yes Yes - - - No 
109 Well Unknown - Unknown Yes - - - - - Unknown 
110 Well Unknown 76.20 No No - - - - - Yes* 
111 Well Unknown - Unknown Unknown - - - - - Unknown 
112 Well Unknown - Unknown No - - - - - Yes 
113 Well Unknown 41.76 Yes Yes No Yes - - - No 
114 Well Unknown 42.67 No No - - - - - Yes* 
115 Well Unknown - Unknown No - - - - - Unknown 
116 Well Cable 
tool 
24.38 Unknown No - - - - - Yes* 
117 Well Unknown - No No - - - - - Yes 
118 Well Unknown 50.29 Yes Yes Yes No Yes Yes Yes Yes* 
119 Well Unknown 91.44 No Yes Yes Yes - - - No 
120 Well Cable 
tool 
106.68 Unknown No - - - - - Yes 
121 Well Rotary 100.58 Unknown Yes Yes Yes - Yes - Yes 
122 Well Cable 
tool 
36.58 Unknown No - - - - - Yes 
123 Well Unknown - Unknown Unknown - - - - - Unknown 
124 Well Unknown - Unknown No - - - - - Yes* 
125 Well Cable 
tool 
36.58 Unknown Yes Yes No Yes - - Yes* 
126 Well Rotary 106.68 No No - - - - - No 
127 Well Unknown - No Yes Yes No Yes - - Yes* 
128 Well Cable 
tool 
27.43 No Unknown - - - - - Yes* 
129 Well Unknown - Unknown Unknown - - - - - Unknown 
130 Well Cable 
tool 
38.10 Yes Yes Yes Yes - Yes - Yes* 
131 Well Cable 
tool 
36.58 Yes Yes Yes Yes - Yes - Yes 
132 Well Unknown 28.04 No Yes Yes No - Yes - Yes* 
133 Well Cable 
tool 
30.48 No No - - - - - Yes* 
134 Well Cable 
tool 
56.39 No No - - - - - Yes* 
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135 Well Unknown 30.48 No No - - - - - Yes* 
136 Well Unknown 30.48 No No - - - - - Yes* 
137 Well Unknown 121.92 No No - - - - - Yes* 
138 Well Cable 
tool 
24.38 No No - - - - - Yes 
139 Well Rotary - No No - - - - - Yes 
140 Well Unknown - Unknown No - - - - - Yes* 
141 Well Rotary 121.92 No No - - - - - Yes* 
142 Well Unknown - No No - - - - - Yes 
143 Well Unknown 85.34 No No - - - - - Yes 
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Appendix D: Field Water Chemistry Data (YSI Multimeter) 
 
 
Sample 
No. 
 
Temp 
(°C) 
DO (%) DO 
(mg/L) 
pH Chloride 
(mg/L) 
Pressure 
(mmHg) 
Spf. 
Cond. 
(µS/cm) 
Cond. (µs) TDS 
based 
on 
SpC 
(mg/L) 
1 - - - - - - - - - 
2 - - - - - - - - - 
3 - - - - - - - - - 
4 - - - - - - - - - 
5 - - - - - - - - - 
6 - - - - - - - - - 
7 - - - - - - - - - 
8 - - - - - - - - - 
9 - - - - - - - - - 
10 - - - - - - - - - 
11 - - - - - - - - - 
12 - - - - - - - - - 
13 - - - - - - - - - 
14 - - - - - - - - - 
15 - - - - - - - - - 
16 - - - - - - - - - 
17 - - - - - - - - - 
18 - - - - - - - - - 
19 - - - - - - - - - 
20 13.40 16.90 1.70 7.84 426.20 725.90 1008.50 786.00 655.53 
21 11.95 21.00 2.25 7.25 4.12 725.00 306.00 230.15 198.90 
22 18.50 67.10 12.11 7.05 95.83 724.50 481.60 421.40 313.04 
23 22.70 40.95 3.50 8.56 59.24 724.90 778.00 744.50 505.7 
24 15.20 51.55 4.93 7.51 3.46 724.20 257.00 208.80 167.05 
25 - - - - - - - - - 
26 12.20 42.60 4.49 7.99 8.93 725.80 214.10 162.00 139.17 
27 12.90 25.90 2.64 7.26 10.73 724.20 421.90 325.00 274.24 
28 - - - - - - - - - 
29 12.70 26.80 2.70 6.97 41.97 731.90 528.20 403.60 343.33 
30 14.00 82.80 8.69 7.06 109.68 731.74 643.00 508.00 417.95 
31 12.30 28.80 2.99 6.56 14.31 731.20 380.50 290.50 247.33 
32 12.40 56.35 5.93 7.21 8.41 732.00 417.50 322.10 271.38 
33 13.20 41.25 4.27 6.61 236.05 731.50 895.50 693.50 582.08 
34 17.30 54.60 5.20 6.67 3.58 730.60 311.70 266.50 202.61 
35 14.00 29.25 2.97 6.97 3.28 730.10 392.30 311.60 255.00 
36 12.90 19.10 1.99 7.03 1.55 730.40 313.90 242.10 204.04 
37 14.10 27.10 2.77 6.88 5.81 730.20 342.70 272.00 222.76 
38 11.30 17.60 1.91 7.50 10.91 726.00 276.80 204.40 179.92 
39 13.05 27.70 2.89 7.00 289.79 724.75 902.50 696.50 586.63 
40 10.65 56.80 6.28 7.30 30.79 725.20 307.10 222.80 199.62 
41 14.75 16.55 1.68 7.14 22.93 724.90 387.25 311.70 251.71 
42 10.60 56.20 6.23 7.58 14.75 725.80 354.70 257.20 230.56 
43 42.30 30.85 1.92 7.24 59.03 725.60 509.50 675.00 331.18 
44 11.10 46.40 5.09 7.60 71.92 724.90 500.90 367.80 325.59 
45 12.10 30.40 3.22 7.61 10.06 724.70 317.50 239.40 206.38 
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46 - - - - - - - - - 
47 11.50 35.10 3.78 7.45 1.95 726.50 326.20 242.50 212.03 
48 11.40 22.90 2.46 7.27 28.88 726.40 828.00 614.00 538.20 
49 11.05 21.75 2.33 7.21 15.00 727.00 528.20 387.80 343.33 
50 16.80 49.40 4.78 6.89 85.40 725.50 706.00 595.00 458.90 
51 12.30 63.40 6.72 6.92 39.68 726.20 541.90 411.00 352.24 
52 9.20 76.90 8.84 6.71 10.29 727.50 242.10 169.40 157.37 
53 13.10 31.10 3.26 6.92 2.23 726.20 244.40 189.10 158.86 
54 12.60 77.60 8.26 6.86 2.99 725.70 204.60 156.20 132.99 
55 12.10 76.70 8.23 6.83 8.90 725.70 314.60 237.10 204.49 
56 10.20 65.90 7.20 6.42 3.57 723.20 214.40 154.00 139.36 
57 17.00 63.50 6.18 6.81 0.56 725.00 337.50 285.10 219.38 
 
  
103 
 
Appendix E: IC Water Chemistry Data 
 
 
Sample 
No. 
Sample 
Date 
IC 
Analysis 
Date 
Fluoride 
(mg/L) 
Chloride 
(mg/L) 
Nitrite 
(mg/L) 
Bromide 
(mg/L)  
Nitrate 
(mg/L) 
Phosphate 
(mg/L) 
Sulfate 
(mg/L) 
MS006 8/28/2011 3/1/2012 n.a. 7.09 n.a 0.06 1.20 - 30.30 
MS007 8/28/2011 3/1/2012 n.a 45.77 n.a - 3.43 0.87 43.81 
MS009 9/19/2011 3/1/2012 n.a 2.14 n.a - 1.27 - 11.31 
MS010 9/19/2011 3/1/2012 n.a 16.78 n.a - 0.52 1.52 12.04 
MS014 9/22/2011 3/1/2012 n.a 4.15 n.a - 1.14 10.76 - 
MS015 10/22/2011 3/1/2012 n.a 222.69 n.a 1.39 1.60 - 15.89 
MS016 10/22/2011 3/1/2012 n.a 6.89 n.a - 2.78 - 7.09 
MS017 10/22/2011 3/1/2012 n.a 44.92 n.a 0.32 0.24 - 6.57 
MS018 10/22/2011 3/1/2012 n.a 46.22 n.a 0.32 1.21 - 134.70 
MS019 10/22/2011 3/1/2012 n.a 3.19 n.a 0.07 0.95 0.68 9.62 
MS020 10/20/2011 3/1/2012 n.a 46.02 n.a 0.47 1.29 0.31 134.82 
MS022 10/20/2011 3/1/2012 n.a 6.00 n.a - 1.87 1.21 17.78 
MS023 11/26/2011 3/1/2012 n.a 44.62 n.a 0.08 1.28 - 20.06 
MS024 11/26/2011 3/1/2012 n.a 38.34 n.a 0.09 1.20 - 16.28 
MS026 1/17/2012 3/1/2012 n.a 11.35 n.a - 1.47 - 35.41 
MS027 1/17/2012 3/1/2012 n.a 12.88 n.a 0.34 1.64 - 37.12 
MS032 5/12/2012 8/16/2012 0.03 14.02 n.a 0.14 3.14 bdl 38.63 
MS033 5/12/2012 8/16/2012 0.08 15.26 n.a 0.19 0.15 bdl 10.07 
MS034 5/12/2012 8/16/2012 0.03 14.88 n.a 0.08 0.14 bdl 30.94 
MS050 9/5/2012 9/7/2012 0.20 143.71 n.a bdl 1.87 0.23 34.53 
MS051 9/5/2012 9/7/2012 0.13 1.75 n.a bdl 0.32 bdl 10.01 
MS052 9/5/2012 9/7/2012 n.a 63.49 n.a bdl 1.10 bdl 43.53 
MS053 9/5/2012 9/7/2012 0.23 45.79 n.a 0.31 0.75 0.22 102.15 
MS054 9/5/2012 9/7/2012 0.16 1.96 n.a bdl 0.28 bdl 11.33 
MS055 9/5/2012 9/7/2012 0.10 37.51 n.a 0.21 0.30 bdl 15.66 
MS056 9/5/2012 9/7/2012 0.04 7.71 n.a 0.05 5.90 bdl 30.59 
MS057 9/5/2012 9/7/2012 0.13 7.91 n.a 0.05 0.30 bdl 14.21 
MS058 9/5/2012 9/7/2012 0.13 44.65 n.a bdl 1.07 bdl 20.18 
MS064 9/14/2012 10/19/2012 4.27 34.77 n.a bdl 0.64 bdl 55.29 
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MS065 9/14/2012 10/19/2012 4.52 84.99 n.a bdl 1.15 bdl 21.89 
MS066 9/14/2012 10/19/2012 0.92 12.23 n.a 0.05 0.20 bdl 41.06 
MS067 9/14/2012 10/19/2012 2.79 5.76 n.a bdl 0.26 bdl 66.49 
MS068 9/14/2012 10/19/2012 1.15 144.76 n.a bdl 1.04 bdl 20.70 
MS071 10/4/2012 10/23/2012 4.49 6.05 n.a bdl 0.08 bdl 43.08 
MS072 10/4/2012 10/23/2012 3.03 6.56 n.a bdl 0.38 bdl 14.70 
MS073 10/4/2012 10/23/2012 2.26 1.64 n.a bdl 0.08 bdl 11.88 
MS074 10/4/2012 10/23/2012 5.28 6.87 n.a bdl bdl bdl 31.76 
MS085 11/7/2012 11/14/2012 1.00 1.69 bdl bdl 0.43 2.26 10.92 
MS086 11/7/2012 11/15/2012 2.95 155.07 bdl bdl 0.69 1.29 24.89 
MS087 11/7/2012 11/14/2012 0.30 17.18 bdl 0.43 0.64 1.19 21.49 
MS088 11/7/2012 11/14/2012 1.24 18.96 bdl 0.14 1.02 0.62 44.34 
MS089 11/7/2012 11/14/2012 3.02 9.85 bdl bdl 1.26 0.41 23.49 
MS090 11/7/2012 11/14/2012 0.68 65.71 bdl 0.09 1.21 0.60 49.44 
MS091 11/7/2012 11/14/2012 0.96 37.19 bdl bdl 0.74 1.28 8.52 
MS092 11/7/2012 11/14/2012 4.44 5.60 bdl 0.07 0.43 1.28 22.37 
MS096 7/22/2012 11/11/2012 3.96 1.66 bdl 0.47 bdl bdl 5.34 
MS098 12/7/2012 12/18/2012 0.15 1.44 bdl bdl 0.05 0.15 10.93 
MS099 12/7/2012 12/18/2012 2.68 36.03 bdl bdl 0.54 bdl 105.94 
MS100 12/7/2012 12/18/2012 4.87 20.61 bdl bdl bdl bdl 79.65 
MS101 12/7/2012 12/18/2012 1.88 118.79 bdl 0.88 bdl bdl 18.33 
MS102 12/7/2012 12/18/2012 2.77 43.10 bdl 0.28 bdl bdl 105.32 
MS103 12/7/2012 12/18/2012 4.82 16.19 bdl bdl 14.84 bdl 17.57 
MS104 12/7/2012 12/18/2012 3.70 3.84 bdl bdl 0.80 bdl 10.37 
MS105 12/7/2012 12/18/2012 3.39 5.25 bdl bdl bdl bdl 16.05 
MS106 12/7/2012 12/18/2012 2.66 16.96 bdl bdl bdl bdl 23.81 
MS107 12/7/2012 12/18/2012 0.65 6.48 bdl bdl 26.81 bdl 18.61 
MS108 12/7/2012 12/18/2012 4.33 0.80 bdl bdl 0.36 bdl 12.85 
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Appendix F: ICPMS Water Chemistry Data 
 
 
 
Sample 
# 
Date ICPMS 
Analysis 
Date 
Li 
(mg/L) 
B 
(mg/L) 
Na 
(mg/L) 
Mg 
(mg/L) 
Al 
(mg/L) 
Si 
(mg/L) 
P 
(mg/L) 
K 
(mg/L) 
Ca 
(mg/L) 
MS006 8/28/2011 9/17/2012 0.005 bdl 7.300 4.700 0.110 14.200 bdl 0.300 39.700 
MS007 8/28/2011 9/17/2012 0.001 bdl 22.700 4.200 0.130 6.200 0.140 2.500 20.800 
MS009 9/19/2011 9/17/2012 0.004 bdl 6.900 6.000 bdl 12.500 bdl 0.700 35.100 
MS010 9/19/2011 9/17/2012 0.007 bdl 124.200 2.400 bdl 9.800 0.250 0.900 13.300 
MS014 9/22/2011 9/17/2012 0.005 n.d. 6.800 6.700 n.d. 10.300 0.009 0.740 36.100 
MS015 10/22/2011 9/17/2012 0.004 0.001 152.900 4.100 n.d. 7.500 0.027 0.500 20.200 
MS016 10/22/2011 8/30/2012 0.001 0.011 6.500 1.200 n.d. 3.800 0.001 1.3 2.100 
MS017 10/22/2011 8/30/2012 0.000 n.d. 32.600 0.800 n.d. 1.100 0.036 n.d. 6.300 
MS018 10/22/2011 8/30/2012 0.010 n.d. 10.000 14.500 n.d. 7.400 0.027 0.810 60.700 
MS019 10/22/2011 8/30/2012 0.004 n.d. 66.200 1.200 n.d. 6.400 0.262 0.430 10.000 
MS020 10/22/2011 8/30/2012 0.009 n.d. 10.400 14.200 n.d. 6.900 n.d. 2.670 61.800 
MS022 10/22/2011 8/30/2012 0.008 n.d. 112.500 2.100 n.d. 8.200 0.318 0.740 11.700 
MS023 11/26/2011 8/30/2012 0.007 n.d. 7.400 3.700 n.d. 8.600 0.017 0.320 41.800 
MS024 11/26/2011 8/30/2012 0.007 n.d. 7.900 3.800 n.d. 9.200 0.036 0.380 42.900 
MS026 1/17/2012 8/30/2012 0.006 n.d. 28.200 3.200 n.d. 12.300 n.d. 0.330 25.900 
MS027 1/17/2012 8/30/2012 0.006 n.d. 28.800 3.200 n.d. 12.600 n.d. 0.420 24.600 
MS032 5/12/2012 8/30/2012 0.006 n.d. 33.400 3.300 0.060 3.500 n.d. 0.150 25.000 
MS033 5/12/2012 8/30/2012 0.003 n.d. 31.100 3.300 0.073 0.400 n.d. n.d. 22.400 
MS034 5/12/2012 8/30/2012 0.005 n.d. 34.400 3.800 0.084 1.000 n.d. 0.430 24.500 
MS050 9/5/2012 9/17/2012 0.004 bdl 161.300 3.500 bdl 7.500 0.110 0.400 27.900 
MS051 9/5/2012 9/17/2012 0.004 bdl 6.300 6.800 bdl 8.200 bdl 0.600 45.900 
MS052 9/5/2012 9/17/2012 0.008 bdl 7.600 5.900 bdl 7.600 bdl 0.400 62.600 
MS053 9/5/2012 9/17/2012 0.003 bdl 147.500 0.300 bdl 8.800 0.060 0.100 11.300 
MS054 9/5/2012 9/17/2012 0.010 bdl 5.300 4.100 bdl 14.400 bdl 0.400 41.600 
MS055 9/5/2012 9/17/2012 0.007 bdl 6.200 3.900 bdl 12.700 0.010 0.300 49.600 
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MS056 9/5/2012 9/17/2012 0.002 bdl 7.100 3.300 bdl 12.800 0.050 0.700 28.900 
MS057 9/5/2012 9/17/2012 0.008 bdl 7.500 10.600 bdl 14.700 bdl 0.700 60.800 
MS058 9/5/2012 9/17/2012 0.011 bdl 139.200 2.600 bdl 11.300 bdl 1.300 30.400 
MS064 9/14/2012 10/18/2012 0.009 0.041 56.488 10.614 0.002 1.423 0.006 1.978 32.419 
MS065 9/14/2012 10/18/2012 0.007 0.027 16.420 13.458 0.008 7.735 0.000 1.356 88.964 
MS066 9/14/2012 10/18/2012 0.008 0.032 14.584 10.599 0.002 0.992 0.004 1.500 39.119 
MS067 9/14/2012 10/18/2012 0.008 0.025 11.714 8.224 0.005 10.804 0.002 1.246 60.388 
MS068 9/14/2012 10/18/2012 0.008 0.026 19.264 18.210 0.005 7.662 0.019 1.565 116.333 
MS071 10/4/2012 10/18/2012 0.011 0.021 6.321 8.094 0.009 0.811 0.015 1.238 35.094 
MS072 10/4/2012 10/18/2012 0.012 0.020 9.207 11.643 0.004 1.290 0.007 1.429 35.985 
MS073 10/4/2012 10/18/2012 0.007 0.020 7.087 7.719 0.001 2.315 0.011 1.244 39.627 
MS074 10/4/2012 10/18/2012 0.006 0.020 8.996 6.596 0.002 2.721 0.004 1.079 39.159 
MS085 11/7/2012 11/27/2012 0.004 bdl 6.044 8.571 bdl 11.888 bdl 0.109 48.566 
MS086 11/7/2012 11/27/2012 0.006 bdl 23.558 20.983 bdl 10.532 0.007 0.435 126.239 
MS087 11/7/2012 11/27/2012 0.009 0.011 8.460 8.043 bdl 14.419 bdl bdl 47.221 
MS088 11/7/2012 11/27/2012 0.008 0.009 13.328 9.918 bdl 14.236 bdl 0.082 61.905 
MS089 11/7/2012 11/27/2012 0.003 0.007 33.136 6.886 bdl 13.042 0.043 0.193 50.837 
MS090 11/7/2012 11/27/2012 0.009 0.010 35.291 8.791 bdl 13.135 0.078 0.361 61.992 
MS091 11/7/2012 11/27/2012 0.006 0.149 217.025 3.519 bdl 8.975 0.047 bdl 26.424 
MS092 11/7/2012 11/27/2012 0.003 bdl 8.842 7.749 bdl 12.435 0.058 0.041 58.249 
MS096 7/22/2012 1/30/2013 0.012 bdl 5.279 5.124 bdl 10.864 0.016 1.049 10.004 
MS098 12/7/2012 12/14/2012 0.007 0.008 7.967 7.932 bdl 9.301 0.137 1.459 52.322 
MS099 12/7/2012 12/14/2012 0.006 0.013 171.211 2.085 bdl 5.313 0.072 1.541 12.266 
MS100 12/7/2012 12/14/2012 0.010 0.009 13.880 10.042 bdl 10.620 0.020 1.527 79.292 
MS101 12/7/2012 12/14/2012 0.007 0.010 16.788 14.716 bdl 8.840 0.030 1.633 106.734 
MS102 12/7/2012 12/14/2012 0.012 0.006 10.314 14.546 bdl 10.535 0.022 1.462 71.696 
MS103 12/7/2012 12/14/2012 0.003 0.014 10.291 7.684 bdl 6.195 0.028 1.725 22.113 
MS104 12/7/2012 12/14/2012 0.007 0.047 6.893 6.077 bdl 8.372 bdl 1.141 25.920 
MS105 12/7/2012 12/14/2012 0.021 0.025 5.954 6.562 bdl 11.911 bdl 1.076 16.189 
MS106 12/7/2012 12/14/2012 0.009 0.046 13.751 7.251 bdl 10.834 bdl 1.213 32.177 
MS107 12/7/2012 12/14/2012 0.002 0.120 9.288 5.751 bdl 4.256 bdl 1.918 12.148 
MS108 12/7/2012 12/14/2012 0.007 0.058 8.944 7.769 bdl 8.910 bdl 1.925 46.515 
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Sample 
# 
Date ICPMS 
Analysis 
Date 
Ti 
(mg/L) 
V     
(mg/L) 
Cr (mg/L) Mn 
(mg/L) 
Fe 
(mg/L) 
Co 
(mg/L) 
Ni 
(mg/L) 
Cu 
(mg/L) 
Zn 
(mg/L) 
MS006 8/28/2011 9/17/2012 0.009 bdl bdl 0.008 0.070 bdl bdl 0.010 bdl 
MS007 8/28/2011 9/17/2012 0.010 bdl bdl 0.005 bdl bdl 0.003 0.000 bdl 
MS009 9/19/2011 9/17/2012 0.003 bdl bdl bdl bdl bdl bdl bdl bdl 
MS010 9/19/2011 9/17/2012 0.001 bdl bdl bdl bdl bdl bdl 0.010 bdl 
MS014 9/22/2011 8/30/2012 0.002 n.d. n.d. n.d. 0.090 n.d. n.d. 0.001 n.d. 
MS015 10/22/2011 8/30/2012 0.001 n.d. n.d. 0.009 n.d n.d. n.d. n.d. n.d. 
MS016 10/22/2011 8/30/2012 0.001 n.d. n.d. 0.003 n.d n.d. 0.002 0.169 0.016 
MS017 10/22/2011 8/30/2012 n.d. n.d. n.d. n.d. n.d n.d. n.d. n.d. n.d. 
MS018 10/22/2011 8/30/2012 0.002 n.d. n.d. 0.238 0.205 0.001 0.002 0.006 n.d. 
MS019 10/22/2011 8/30/2012 0.002 n.d. n.d. 0.002 n.d n.d. n.d. 0.008 n.d. 
MS020 10/22/2011 8/30/2012 0.001 n.d. n.d. n.d. 0.135 n.d. n.d. 0.016 n.d. 
MS022 10/22/2011 8/30/2012 0.002 n.d. n.d. n.d. n.d n.d. n.d. 0.008 n.d. 
MS023 11/26/2011 8/30/2012 0.002 n.d. n.d. n.d. 0.069 n.d. n.d. n.d. n.d. 
MS024 11/26/2011 8/30/2012 0.002 n.d. n.d. n.d. 0.191 n.d. n.d. n.d. n.d. 
MS026 1/17/2012 8/30/2012 0.002 n.d. n.d. n.d. 0.040 n.d. n.d. 0.002 n.d. 
MS027 1/17/2012 8/30/2012 0.002 n.d. n.d. n.d. n.d n.d. n.d. n.d. n.d. 
MS032 5/12/2012 8/30/2012 n.d. n.d. n.d. 0.015 n.d 0.002 n.d. 0.050 0.392 
MS033 5/12/2012 8/30/2012 n.d. n.d. n.d. 0.079 n.d 0.002 n.d. 0.056 0.057 
MS034 5/12/2012 8/30/2012 n.d. n.d. n.d. 0.311 n.d 0.002 n.d. 0.018 n.d. 
MS050 9/5/2012 9/17/2012 0.001 bdl bdl 0.011 bdl bdl bdl bdl bdl 
MS051 9/5/2012 9/17/2012 0.002 bdl bdl 0.091 bdl bdl bdl bdl bdl 
MS052 9/5/2012 9/17/2012 0.001 bdl bdl 0.043 bdl bdl 0.003 0.020 0.040 
MS053 9/5/2012 9/17/2012 0.001 bdl 0.001 bdl bdl bdl bdl bdl bdl 
MS054 9/5/2012 9/17/2012 0.002 bdl bdl 0.247 bdl bdl bdl bdl bdl 
MS055 9/5/2012 9/17/2012 0.002 bdl bdl 0.367 0.130 0.001 bdl bdl bdl 
MS056 9/5/2012 9/17/2012 0.002 bdl 0.003 0.039 0.110 bdl 0.001 bdl bdl 
MS057 9/5/2012 9/17/2012 0.002 bdl 0.001 0.119 bdl bdl 0.002 bdl bdl 
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MS058 9/5/2012 9/17/2012 0.002 bdl 0.004 2.627 bdl 0.004 0.001 bdl bdl 
MS064 9/14/2012 10/18/2012 0.001 0.001 0.002 0.159 0.117 0.001 0.003 0.003 0.005 
MS065 9/14/2012 10/18/2012 0.002 0.001 0.002 <0.01 0.219 <0.001 0.003 0.005 0.009 
MS066 9/14/2012 10/18/2012 <0.001 <0.001 0.002 0.242 0.135 0.001 0.003 0.001 0.009 
MS067 9/14/2012 10/18/2012 0.002 <0.001 0.001 0.429 0.169 0.001 0.003 0.001 <0.01 
MS068 9/14/2012 10/18/2012 0.002 0.002 0.002 <0.01 0.409 <0.001 0.004 0.003 <0.01 
MS071 10/4/2012 10/18/2012 <0.001 <0.001 0.002 0.284 0.163 0.002 0.005 0.013 0.011 
MS072 10/4/2012 10/18/2012 0.001 <0.001 0.003 0.074 0.145 <0.001 0.001 <0.001 <0.01 
MS073 10/4/2012 10/18/2012 0.001 <0.001 0.002 0.052 0.155 <0.001 0.001 0.001 <0.01 
MS074 10/4/2012 10/18/2012 0.001 <0.001 0.002 0.241 0.124 <0.001 0.001 <0.001 <0.01 
MS085 11/7/2012 11/27/2012 0.000 bdl 0.031 0.100 bdl bdl 0.009 0.012 bdl 
MS086 11/7/2012 11/27/2012 0.000 0.003 0.037 0.126 bdl 0.000 0.019 0.012 bdl 
MS087 11/7/2012 11/27/2012 0.001 0.000 0.036 0.024 bdl bdl 0.009 0.014 bdl 
MS088 11/7/2012 11/27/2012 0.001 0.000 0.031 0.053 bdl 0.000 0.011 0.017 0.011 
MS089 11/7/2012 11/27/2012 0.001 0.000 0.030 0.008 bdl bdl 0.011 0.024 bdl 
MS090 11/7/2012 11/27/2012 0.001 0.001 0.037 0.060 bdl bdl 0.011 0.017 bdl 
MS091 11/7/2012 11/27/2012 0.001 0.001 0.038 0.019 bdl 0.000 0.010 0.020 bdl 
MS092 11/7/2012 11/27/2012 0.001 bdl 0.036 0.413 bdl 0.000 0.011 0.015 bdl 
MS096 7/22/2012 1/30/2013 0.001 bdl 0.001 1.283 0.045 0.001 0.001 <0.001 <0.001 
MS098 12/7/2012 12/14/2012 0.001 bdl 0.001 0.047 0.214 0.000 0.003 0.002 0.009 
MS099 12/7/2012 12/14/2012 <0.001 0.001 <0.001 1.953 0.087 0.001 0.006 0.012 <0.001 
MS100 12/7/2012 12/14/2012 0.001 bdl 0.001 1.118 0.298 0.002 0.003 0.004 0.004 
MS101 12/7/2012 12/14/2012 0.001 bdl <0.001 0.087 0.415 0.000 0.005 0.002 0.033 
MS102 12/7/2012 12/14/2012 0.001 bdl <0.001 1.323 0.278 0.008 0.011 0.002 0.027 
MS103 12/7/2012 12/14/2012 0.000 bdl <0.001 0.017 0.110 0.000 0.009 0.170 0.157 
MS104 12/7/2012 12/14/2012 0.003 0.000 0.004 0.007 bdl 0.000 0.001 0.006 0.249 
MS105 12/7/2012 12/14/2012 0.005 0.000 0.001 0.010 bdl 0.000 0.002 0.339 0.044 
MS106 12/7/2012 12/14/2012 0.010 0.000 0.004 0.006 bdl 0.000 0.001 0.019 0.069 
MS107 12/7/2012 12/14/2012 0.008 0.000 bdl 0.014 bdl 0.000 0.007 0.040 0.089 
MS108 12/7/2012 12/14/2012 0.006 0.000 0.003 0.005 bdl 0.000 0.002 0.018 0.097 
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Sample 
# 
Date ICPMS 
Analysis Date 
As 
(mg/L) 
Se 
(mg/L) 
Rb 
(mg/L) 
Sr (mg/L) Mo 
(mg/L) 
Ag 
(mg/L) 
Cd 
(mg/L) 
Sn 
(mg/L) 
Sb 
(mg/L) 
MS006 8/28/2011 9/17/2012 bdl bdl 0.001 0.140 0.000 bdl 0.000 bdl bdl 
MS007 8/28/2011 9/17/2012 bdl bdl 0.001 0.070 0.000 bdl bdl bdl bdl 
MS009 9/19/2011 9/17/2012 bdl bdl 0.001 0.150 bdl bdl 0.000 bdl bdl 
MS010 9/19/2011 9/17/2012 bdl bdl 0.002 0.160 bdl bdl 0.000 bdl bdl 
MS014 9/22/2011 8/30/2012 n.d. 0.006 0.000 0.150 0.003 n.d. n.d. n.d. n.d. 
MS015 10/22/2011 8/30/2012 n.d. 0.005 0.001 0.620 n.d. n.d. n.d. 0.002 n.d. 
MS016 10/22/2011 8/30/2012 n.d. 0.000 0.001 0.040 0.000 bdl n.d. n.d. n.d. 
MS017 10/22/2011 8/30/2012 n.d. 0.002 n.d. 0.200 n.d. n.d. n.d. n.d. n.d. 
MS018 10/22/2011 8/30/2012 n.d. n.d. 0.001 0.230 n.d. n.d. n.d. n.d. n.d. 
MS019 10/22/2011 8/30/2012 n.d. n.d. 0.001 0.070 n.d. n.d. n.d. n.d. n.d. 
MS020 10/22/2011 8/30/2012 n.d. n.d. 0.002 0.220 n.d. n.d. n.d. n.d. n.d. 
MS022 10/22/2011 8/30/2012 n.d. n.d. 0.002 0.110 n.d. n.d. n.d. n.d. n.d. 
MS023 11/26/2011 8/30/2012 n.d. 0.002 0.001 0.090 n.d. n.d. n.d. n.d. n.d. 
MS024 11/26/2011 8/30/2012 n.d. 0.003 0.001 0.080 n.d. n.d. n.d. n.d. n.d. 
MS026 1/17/2012 8/30/2012 n.d. 0.001 0.001 0.170 n.d. n.d. n.d. n.d. n.d. 
MS027 1/17/2012 8/30/2012 n.d. n.d. 0.001 0.170 n.d. n.d. n.d. n.d. n.d. 
MS032 5/12/2012 8/30/2012 n.d. 0.000 0.001 0.160 0.000 n.d. 0.000 n.d. 0.000 
MS033 5/12/2012 8/30/2012 n.d. n.d. 0.001 0.120 n.d. n.d. n.d. n.d. 0.000 
MS034 5/12/2012 8/30/2012 n.d. 0.001 0.001 0.140 n.d. n.d. 0.000 n.d. 0.000 
MS050 9/5/2012 9/17/2012 bdl 0.004 0.001 0.540 bdl bdl bdl bdl bdl 
MS051 9/5/2012 9/17/2012 bdl 0.002 0.001 0.150 bdl bdl bdl bdl bdl 
MS052 9/5/2012 9/17/2012 bdl bdl 0.001 0.100 bdl bdl bdl bdl bdl 
MS053 9/5/2012 9/17/2012 bdl 0.002 0.000 0.030 bdl bdl bdl bdl bdl 
MS054 9/5/2012 9/17/2012 bdl bdl 0.001 0.080 bdl bdl bdl bdl bdl 
MS055 9/5/2012 9/17/2012 bdl 0.002 0.001 0.080 bdl bdl bdl bdl bdl 
MS056 9/5/2012 9/17/2012 bdl 0.004 bdl 0.050 bdl bdl bdl bdl 0.001 
MS057 9/5/2012 9/17/2012 bdl bdl 0.001 0.210 bdl bdl bdl bdl bdl 
MS058 9/5/2012 9/17/2012 bdl 0.002 0.003 0.160 bdl bdl bdl bdl bdl 
MS064 9/14/2012 10/18/2012 0.001 0.002 0.002 0.355 <0.001 bdl bdl <0.0001 bdl 
MS065 9/14/2012 10/18/2012 0.002 0.002 0.001 0.361 <0.001 <0.001 bdl <0.0001 bdl 
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MS066 9/14/2012 10/18/2012 0.001 0.001 0.001 0.230 <0.001 bdl bdl <0.0001 bdl 
MS067 9/14/2012 10/18/2012 0.001 0.001 0.001 0.281 <0.001 bdl bdl <0.0001 bdl 
MS068 9/14/2012 10/18/2012 0.002 0.004 0.001 0.450 <0.001 bdl bdl <0.0001 bdl 
MS071 10/4/2012 10/18/2012 <0.001 <0.001 0.001 0.082 <0.001 bdl bdl <0.0001 bdl 
MS072 10/4/2012 10/18/2012 <0.001 0.001 0.001 0.156 <0.001 0.001 bdl <0.0001 bdl 
MS073 10/4/2012 10/18/2012 0.001 bdl 0.001 0.157 <0.001 <0.001 0.000 bdl bdl 
MS074 10/4/2012 10/18/2012 0.001 <0.001 0.001 0.221 <0.001 <0.001 bdl bdl bdl 
MS085 11/7/2012 11/27/2012 bdl bdl bdl 0.149 bdl bdl bdl bdl bdl 
MS086 11/7/2012 11/27/2012 bdl 0.002 bdl 0.494 bdl bdl bdl bdl bdl 
MS087 11/7/2012 11/27/2012 0.001 bdl bdl 0.164 bdl bdl bdl bdl bdl 
MS088 11/7/2012 11/27/2012 bdl bdl bdl 0.357 bdl bdl bdl bdl bdl 
MS089 11/7/2012 11/27/2012 0.001 bdl bdl 0.319 bdl bdl bdl bdl bdl 
MS090 11/7/2012 11/27/2012 0.002 bdl bdl 0.474 bdl bdl bdl bdl bdl 
MS091 11/7/2012 11/27/2012 0.001 bdl bdl 0.274 <0.001 bdl bdl bdl bdl 
MS092 11/7/2012 11/27/2012 0.001 bdl bdl 0.259 bdl bdl bdl bdl bdl 
MS096 7/22/2012 1/30/2013 0.003 0.001 0.001 0.033 0.000 bdl <0.0001 bdl 0.000 
MS098 12/7/2012 12/14/2012 0.004 0.002 0.001 0.186 0.000 <0.001 <0.0001 bdl <0.0001 
MS099 12/7/2012 12/14/2012 0.003 0.002 0.002 0.094 0.001 <0.0001 <0.0001 bdl 0.002 
MS100 12/7/2012 12/14/2012 0.003 0.002 0.001 0.334 0.000 bdl <0.0001 bdl <0.0001 
MS101 12/7/2012 12/14/2012 0.003 0.003 0.001 0.446 0.000 bdl <0.0001 bdl <0.0001 
MS102 12/7/2012 12/14/2012 0.002 0.002 0.001 0.313 0.000 bdl <0.0001 bdl <0.0001 
MS103 12/7/2012 12/14/2012 0.003 0.001 0.001 0.156 0.001 <0.001 <0.0001 bdl <0.0001 
MS104 12/7/2012 12/14/2012 0.004 bdl 0.001 0.111 0.000 bdl bdl 0.000 0.000 
MS105 12/7/2012 12/14/2012 0.004 bdl 0.001 0.121 0.000 bdl 0.000 0.001 0.000 
MS106 12/7/2012 12/14/2012 0.009 0.008 0.001 0.145 0.000 0.003 0.000 0.000 0.000 
MS107 12/7/2012 12/14/2012 0.006 bdl 0.001 0.092 0.000 bdl 0.000 0.000 0.000 
MS108 12/7/2012 12/14/2012 0.009 0.013 0.002 0.199 0.001 0.002 bdl 0.001 0.000 
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Sample 
No 
Sample 
Date 
ICPMS 
Analysis 
Date 
Cs   
(mg/L) 
Ba   
(mg/L) 
W    
(mg/L) 
Hg   
(mg/L) 
Pb   
(mg/L) 
Bi   
(mg/L) 
U    
(mg/L) 
MS006 8/28/2011 9/17/2012 0.000 0.070 bdl bdl 0.004 bdl bdl 
MS007 8/28/2011 9/17/2012 bdl 0.030 bdl bdl 0.006 bdl bdl 
MS009 9/19/2011 9/17/2012 bdl 0.120 bdl bdl 0.006 bdl bdl 
MS010 9/19/2011 9/17/2012 0.000 0.070 bdl bdl bdl bdl 0.000 
MS014 9/22/2011 8/30/2012 n.d. 0.120 n.d. n.d. n.d. n.d. n.d. 
MS015 10/22/2011 8/30/2012 n.d. 0.280 n.d. n.d. n.d. n.d. n.d. 
MS016 10/22/2011 8/30/2012 0.000 0.060 n.d. n.d. 0.002 n.d. n.d. 
MS017 10/22/2011 8/30/2012 n.d. 0.220 n.d. n.d. n.d. n.d. n.d. 
MS018 10/22/2011 8/30/2012 n.d. 0.030 n.d. n.d. n.d. n.d. n.d. 
MS019 10/22/2011 8/30/2012 n.d. 0.090 n.d. n.d. n.d. n.d. n.d. 
MS020 10/22/2011 8/30/2012 n.d. 0.040 n.d. n.d. n.d. n.d. n.d. 
MS022 10/22/2011 8/30/2012 n.d. 0.100 n.d. n.d. n.d. n.d. n.d. 
MS023 11/26/2011 8/30/2012 n.d. 0.060 n.d. n.d. n.d. n.d. n.d. 
MS024 11/26/2011 8/30/2012 n.d. 0.060 n.d. n.d. n.d. n.d. n.d. 
MS026 1/17/2012 8/30/2012 n.d. 0.080 n.d. n.d. n.d. n.d. n.d. 
MS027 1/17/2012 8/30/2012 0.000 0.080 n.d. n.d. n.d. n.d. n.d. 
MS032 5/12/2012 8/30/2012 n.d. 0.070 0.000 n.d. n.d. n.d. n.d. 
MS033 5/12/2012 8/30/2012 n.d. 0.060 0.000 n.d. n.d. n.d. n.d. 
MS034 5/12/2012 8/30/2012 n.d. 0.090 0.000 n.d. n.d. n.d. n.d. 
MS050 9/5/2012 9/17/2012 bdl 0.390 bdl bdl bdl bdl bdl 
MS051 9/5/2012 9/17/2012 bdl 0.200 bdl bdl bdl bdl bdl 
MS052 9/5/2012 9/17/2012 bdl 0.220 bdl bdl bdl bdl bdl 
MS053 9/5/2012 9/17/2012 bdl 0.120 bdl bdl bdl bdl bdl 
MS054 9/5/2012 9/17/2012 bdl 0.180 bdl bdl bdl bdl bdl 
MS055 9/5/2012 9/17/2012 bdl 0.260 bdl bdl bdl bdl bdl 
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MS056 9/5/2012 9/17/2012 bdl 0.140 bdl bdl bdl bdl bdl 
MS057 9/5/2012 9/17/2012 bdl 0.170 bdl bdl bdl bdl bdl 
MS058 9/5/2012 9/17/2012 bdl 0.220 bdl bdl bdl bdl bdl 
MS064 9/14/2012 10/18/2012 0.000 0.059 <0.001 0.001 <0.0001 bdl <0.0001 
MS065 9/14/2012 10/18/2012 bdl 0.223 <0.001 0.001 <0.0001 bdl <0.0001 
MS066 9/14/2012 10/18/2012 0.000 0.031 <0.001 <0.001 bdl bdl bdl 
MS067 9/14/2012 10/18/2012 0.000 0.047 <0.001 <0.001 bdl bdl bdl 
MS068 9/14/2012 10/18/2012 0.000 0.320 <0.001 <0.001 <0.0001 bdl <0.0001 
MS071 10/4/2012 10/18/2012 0.000 0.059 <0.001 <0.001 <0.0001 bdl <0.0001 
MS072 10/4/2012 10/18/2012 0.000 0.049 <0.001 <0.001 bdl bdl bdl 
MS073 10/4/2012 10/18/2012 0.000 0.099 <0.001 <0.001 <0.0001 bdl <0.0001 
MS074 10/4/2012 10/18/2012 0.000 0.055 <0.001 <0.001 bdl bdl bdl 
MS085 11/7/2012 11/27/2012 bdl bdl bdl bdl bdl bdl bdl 
MS086 11/7/2012 11/27/2012 bdl bdl bdl bdl bdl bdl bdl 
MS087 11/7/2012 11/27/2012 bdl bdl bdl bdl bdl bdl bdl 
MS088 11/7/2012 11/27/2012 bdl bdl bdl bdl bdl bdl bdl 
MS089 11/7/2012 11/27/2012 bdl bdl bdl bdl bdl bdl bdl 
MS090 11/7/2012 11/27/2012 bdl bdl bdl bdl bdl bdl bdl 
MS091 11/7/2012 11/27/2012 bdl bdl bdl bdl bdl bdl bdl 
MS092 11/7/2012 11/27/2012 bdl bdl bdl bdl bdl bdl bdl 
MS096 7/22/2012 1/30/2013 bdl 0.116 <0.0001 <0.0001 <0.0001 bdl bdl 
MS098 12/7/2012 12/14/2012 0.000 0.142 <0.0001 <0.0001 <0.0001 bdl bdl 
MS099 12/7/2012 12/14/2012 0.000 0.047 <0.0001 <0.0001 <0.0001 bdl 0.000 
MS100 12/7/2012 12/14/2012 0.000 0.028 <0.0001 <0.0001 <0.0001 bdl bdl 
MS101 12/7/2012 12/14/2012 0.000 0.420 <0.0001 <0.0001 <0.0001 bdl bdl 
MS102 12/7/2012 12/14/2012 0.000 0.156 <0.0001 <0.0001 <0.0001 bdl bdl 
MS103 12/7/2012 12/14/2012 <0.0001 0.048 0.002 0.003 0.003 bdl bdl 
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MS104 12/7/2012 12/14/2012 0.000 0.061 0.002 0.003 0.010 bdl bdl 
MS105 12/7/2012 12/14/2012 0.000 0.020 0.001 0.002 0.005 bdl bdl 
MS106 12/7/2012 12/14/2012 0.000 0.054 0.001 0.002 0.014 bdl 0.000 
MS107 12/7/2012 12/14/2012 0.000 bdl 0.001 0.002 0.001 bdl bdl 
MS108 12/7/2012 12/14/2012 0.000 0.075 0.001 0.002 0.005 bdl bdl 
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